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Abstract 
The Carbon dioxide (C02) laser woodcutting has been used as an alternative to traditional 
wood machining processes. Smaller kerf width and non-contact machining were among 
the advantages and unique features of laser woodcutting. On the other hand, conventional 
wood machining such as sawing involves the application of force to separate chips from 
the workpiece until the desired size of workpiece is achieved. 
The focus of this research is to study and identify the quality of CO2 laser woodcutting. 
Various species of Malaysian wood have been used for this study. The initial experiment 
was carried out by studying the dimensional accuracy and material removal rate which 
reveals the trend of the laser woodcutting process. 
The wood properties, i.e. the moisture content (MC), have an effect on the results of laser 
cutting. Different levels of wood moisture content do affect the dimensional cutting 
results, where higher moisture content of wood will result in smaller cutting widths and 
vice versa. 
From the images produced using a Scanning Electron Microscope (SEM), it has been 
proven that using an inert gas as the assist gas will improve the cutting results. The use of 
compressed air as the assist gas results in severe damage to the cut edges. On the other 
hand, the results of assist gases Nitrogen and C02, exhibit a better and smooth slicing of 
the fibres. 
A new method of quantifying the laser cut face has been presented. By introducing grey-
scale analysis method, the degree of char can be scientifically evaluated. Similar method 
may be used for any other materials by identifying their unique results, such as heat 
affected zones and dross formation. This methodology can be use to study in detail how 
different cutting variables will affect the quality of the cut. 
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Introduction 
Chapter 1: Introduction 
Laser is an acronym of Light Amplification by Stimulated Emission of Radiation. After 
the invention of a working Carbon dioxide (C02) laser in Bell Laboratories in 1964, laser 
applications have been growing very rapidly. Since then, laser technology has been 
known as the 'solution looking for problems and applications' (Ion 2005). 
1.1 Background 
The focus of this research is to study and identify the quality of CO2 laser woodcutting. 
Various species of Malaysian wood have been used for this study. Timber and timber-
related products continue to play an important role in the socio-economic development of 
Malaysia, accounting for 4.0% of total exports. These products registered an increase of 
8.4% or RM1.5 billion to RM19.4 billion in 2005 (RM or Ringgit Malaysia is the 
Malaysian currency: GBPI is equivalent to RM6.60 approximately in Oct,2006). The 
Malaysian timber industry has successfully developed and diversified into downstream 
activities with strong support from the government and the implementation of the First· 
and Second Industrial Master Plans (1986-1995 & 1996-2005). Over the past 40-50 years 
the timber industry has developed from a primary processing industry to a much more 
sophisticated infrastructure today which consists of a significant number of downstream, 
value-adding industries that include furniture, mouldings, builders, carpentry and joinery 
(BCJ) mills. Other industries include engineered wood products such as Medium Density 
Fibreboard (MDF) and particleboard besides the traditional sawmills and plywood mills. 
This research is important in order to facilitate the advancement of wood-based products. 
1.1.1 Malaysia's Wood-based Industry 
Raw materials for Malaysia's wood-based industry are obtained from natural forests, 
rubber plantations and forest plantations. The country's supply of logs will stabilize at 
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eighteen million cubic metres per annum with the government's implementation of the 
International Trade Organization's target for sustainable management from the year 
2000. These regulations encouraged private sector involvement and ensured sufficient log 
supply for the country's expanding wood-based sector. The government has also 
introduced tax incentives for the establishment of forest plantations. Over the years, the 
wood-based sector in Malaysia has recognized the need to add value to the country's 
timber resources. Encouraged by increasing opportunities in overseas markets, many 
companies have ventured into the. manufacture of downstream products such as furniture, 
mouldings and MDF. One of the most popular woods for furniture is rubberwood, a light 
coloured, medium hardwood. Manufacturers are also beginning to include research and 
development, design capabilities and marketing activities in their operations. In this 
study, rubberwood is used as a material to establish a methodology to quantify the 
charred laser cut surface. 
1.1.2 Wood Machining Methods 
Traditional or conventional wood machining mainly involves sawing, planing, shaping, 
carving, routing and sanding. The demand for high quality wood-based products is the 
primary reason for the development of high technology machineries for wood machining. 
In conventional machining a substantial portion of wood is wasted. For example, only 
about one sixteenth of the original tree is used in the finished products. (Wink L. 1988). 
Cutter marks from the sawing machine or router and high material removal rate are some 
of the main shortcomings of conventional methods. 
1.1.3 Laser Machining Process 
Laser machining is the material removal process accomplished through laser beam and 
target material interactions. Generally, these processes include laser drilling, laser cutting, 
laser grooving, laser engraving and laser marking or scribing. 
Laser machining processes use laser light as energy in the form of photons incident on to 
the target material where it is absorbed as thermal energy or photochemical energy; 
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Material is removed by melting and blowing away, or by direct vaporization or ablation. 
On the other hand, traditional machining processes rely on mechanical stresses induced 
by tools to break the bonds within the materials. This basic difference in the material 
removal mechanism decides the advantages and disadvantages oflaser machining process 
compared with traditional machining processes. 
In short, laser machining process is non-contact, flexible and accurate machining 
processes applicable to a wide range of materials. The technology is developing very 
rapidly. In fact laser machining is only a small fraction of laser related applications. 
Nevertheless from the author's point of view, the laser cutting of wood can become a 
'state of the art' in comparison with competing techniques. 
1.1.4 Laser Processing of Wood 
Rapid advances in laser related technology have led to more and more applications of 
lasers. Laser processing is not only practical, but also efficient, precise, economical (to 
some extent) and flexible. The applications of laser interaction with materials include 
cutting, grooving, drilling, welding and micromachining. 
From the references found, extensive work is being carried out by researchers on the 
interaction of lasers and metals, polymers, ceramics and tissues but little on the 
interaction of lasers and wood. That may be the reason why laser machining on metal and 
materials other than wood is very common in industry. Laser processing of wood is 
categorised as one of the non-traditional machining methods. The literature concerning 
the existing studies of laser interaction with wood will be discussed in detail in Chapter 2. 
From the literature there are still many areas to be studied to improve this application. 
The findings of this study have discovered that moisture content (MC) does affect the 
kerf width. The initial experiment also disclosed that the properties of wood could be 
used to predict the cutting parameters for laser machining process. The charred surfaces 
due to the laser cut can be quantified by image processing. This methodology can be 
developed further in order to apply it in the relevant industries. 
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1.2 Hypothesis 
Research on the interaction of a C02 laser with wood has been reported by a few 
researchers since 1980s (based on the journal papers published). This technology is now 
becoming very common for laser marking of electronic integrated circuit (IC) chips and 
engraving of decorative items. 
In the author's opinion the char formation maybe is the main reason why research on 
laser cutting of wood was halted after several attempts by several groups and individuals 
worldwide. This can be seen from the references published, for example work done by 
researchers of Automated Lumber Processing Systems (ALPS) project, Michigan State 
University around 1990 to 1994 (Khan and Cherif, 1992). The char of the laser cut face 
can be reduced by carefully selecting the correct machine and process parameters. Other 
option is by doing a second process of sanding. In this study a method to quantify the 
char formation on various Malaysian woods cut by a CO2 laser (as illustrated in Figure 1-
I) has been found. The author also has suggested a set of rules on how to carefully select 
the correct machining and process parameters for some popular Malaysian woods. 
Despite laser machining being another alternative technique, the laser machining of wood 
has not been widely accepted by the wood industry. This is due to several problems 
which have not been solved completely such as poor machining quality in the form of 
widespread burning or char as shown in Figure 1-2, surface roughness and a lack of 
geometrical accuracy. 
For this reason, further research is necessary so that another potential technique of 
material processing can be manipulated to increase the productivity in wood-based and 
other similar industries. 
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1.3 Resea rch 0 b j ectives 
The first objective of this research is to study the characteristics of the laser machining of 
Malaysian wood. The primary concern will be to optimize the cutting parameters by 
looking in detail at the effect of three major areas: 
I) The processing parameters such as speed, laser power and Stand Off Distance 
(SOD - distance between the nozzle and workpiece). 
2) The machine parameters such as the assist gas used and the nozzle size. 
3) Detailed examination of the material properties i.e. the wood properties such as 
moisture content, density and maximum shear strength toward laser cutting. 
The second major concern is to study in detail how the char formation develops by doing 
a qualitative study on several selected samples. From these second findings, the third 
major objective will be formulated which is to propose and develop a methodology to 
quantify the degree of char on the laser cut face. 
1.4 Methodology 
There has been considered very little work done so far by researchers on the interaction 
between CO2 lasers and wood. There are very broad differences of properties across 
every type and species of wood; such as density, moisture content and shear strength. 
Each and every unique property of different wood may affect differently by a hit from a 
laser beam. For example, a wood with higher density will need higher laser power to 
penetrate rather than low density. For this reason an initial investigation of C02 laser 
cutting was done on four types of famous Malaysian wood; Nyatoh (Palaquium spp.), 
Kembang Semangkok (Scaphium spp.), Meranti (Shorea spp.) and Plywood. 
The results obtained from this initial investigation will be analysed and the trend between 
the parameters and the properties of the wood will be concluded. Block diagram of this 
research methodology is presented in Figure 1-3a. 
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Char surface of Rubberwood (lOmm thick) cut by C02 laser (cut across 
the grain). 
At this stage it is impossible to find a detail theoretical modelling of this process. From 
the analysis, an initial idea can be concluded on the behaviour of a C02 laser interacting 
with the woods. Based on the findings, further experiments were done to analyse the cut 
samples qualitatively. A char measuring technique was proposed by comparing with 
human judgement and a draft set of rules for the laser cutting of wood is proposed. The 
methodology is depicted as the block diagram in Figure 1-3b. 
1.5 Thesis Outline 
The thesis consists of eleven chapters. This chapter has covered the background of the 
research. It includes the hypothesis and methodology of the research presented. Chapter 2 
discusses the literature survey of the work done in the area of wood machining, laser 
materials processing and a deeper discussion of the laser processing of wood. It includes 
factors that affect the cutting quality of laser cut wood surfaces and the methodology to 
quantify the quality of laser cut wood. Chapter 2 also highlights the need for image 
processing in the laser processing of wood. Chapter 3 discusses the factors affecting laser 
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I Chapter 3 Preliminary study 
1. Plywood 
Constant parameters: 
2. Meranti (Shorea spp.) Material thickness, Gas 
3. Nyatoh (Palaquium spp.) pressure, Time Delay, 
4. Kembang Semangkok (Scaphium spp.) 
Nozzle diameter, Stand-off 
distance, Corner power 
Measured result: 
Sideline Length Variable parameters: 
Circular Diameter Laser power, Cutting speed, 
KerfWidth Assist gaseous 
Finding: The trend of 
1. Sideline length & Overcut vs Power 
2. Circular diameter & Overcut vs Power 
3. Kerf width & MRR vs Power 
I Chapter 4 Effect of Wood Properties on Laser Cutting I 
1. Kapur (Orybalanops Aromatica) - medium hardwood, 
2. Meranti Temak (Shorea Bracteolata) - light hardwood 
3. Acacia (Acacia Mangium) - softwood 
Properties and parameters of wood Constant parameters Material thickness, Gas 
materials: pressure, Time Delay, 
Moisture Content Nozzle diameter, Stand-off distance, Corner power 
Measured result: 
Inner & Outer Length 
Variable parameters KerfWidth 
Laser power, Cutting speed, 
Assist gaseous 
Finding: Higher moisture content of wood will result in smaller cutting widths and 
vice versa. Smaller kerf width is achievable by laser cutting with perpendicular 
orientation to the wood grain. 
Figure 1-3a Research planning and methodology block diagram 
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I Chapter 5 Laser Cutting Quality - SEM Images I 
1. Rubberwood 
2. Meranti 
Assist gas: 
1. Compressed air 
2. CO, SEM Observation: 
3. Nitrogen 1. Cut across the grain 
2. Cut along the grain 
Finding: 'Cleaner and smoother' cutting result can be clearly confirmed by analysing 
the SEM image. The use of nitrogen as assistance gas is proven to be reliable in 
reducing material loss and over-burning due to compensation for the heat 
accumulation by offering a cooler, inert environment for the cutting process. 
Laser Cut Face Quality Measurement using 
Rubberwood Grey scale analysis 
I Variable Parameter: Laser power I 
Histogram Observation: 
1. Cut across the grain 
2. Cut along the grain 
Measured result: 
Mean & Standard Deviation 
Finding: The grayscale analysis result can be used to quantify the laser cut face (the 
degree of char can be scientifically evaluated). By using the grayscale analysis method 
for the laser cut face, a guideline may be developed for parameter selection in laser 
materials processing. 
Figure 1-3b Research planning and methodology block diagram 
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cut wood including laser power, cutting speed and assist gases used. Other factors will be 
studied and discussed were the equipment, laser beam, gases, hardware and software and 
the wood properties. Chapter 4 discusses in detail the effect of wood properties, including 
the effect of moisture content, on kerf width. 
Chapter 5 explores the qualitative study of samples based on the images captured by the 
Scanning Electron Micrograph (SEM). A comparison of the results between different 
gases used and between the cuts done along the grain and across the grain is also made. 
In Chapter 6 the quality measurement of the laser cut face will be discussed. In this 
chapter a new method of quantifying the char surfaces will be proposed. 
Chapters 7, 8 and 9 comprise respectively the discussion, conclusion and suggestions for 
further work to be done. References, some of the relevant papers published by the author 
and lastly the appendices will end the report. 
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Chapter 2: Literature Survey 
There are quite a number of works reported on the interaction of laser and metals. For 
laser interacting with wood, the author only managed to collect around fifteen papers that 
discussed exactly on this issue. In addition, even some of those were discussing on laser 
interacting with wood-based materials such as MOF, plywood and wood composites. 
There was some literature discussing the interaction of particular types of laser such as a 
Neodymium:Yttrium Aluminium Garnet (Nd:Y AG) laser and wood. The rest of the 
literature that could be useful and might be of the interest to this research is about the 
laser cutting of metals and non-metals including the burning of wood, laser measuring 
and general discussions of laser machining processes. 
2.2 Wood Machining 
The traditional way of machining includes sawing, planing, shaping, carving, routing, 
jointing, sanding and engraving. With the invention of automatic machines such as the 
CNC routing machine, very high quality wood products can be produced. For this reason 
the mass production of high quality wood-based products such as furniture is becoming 
cheaper. Laser engraving is one ofthe most common applications making use of lasers in 
wood machining. This can be seen from laser engraved items, such as laser engraved 
inlays on furnitures, key chains and momentos, which are very common in the market. 
2.3 Laser Materials Processing 
The comparison of three types of lasers for material processing in terms of wavelength 
and average power can be depicted as in Fig 2-1. Other applications of lasers in the very 
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low average power region are for measurement and communications. From the diagram, 
a C02 laser of I 0.6 ~m wavelength can be seen at the far end of the infrared waveband 
with power in the range of around 0.1 kW to greater than 50 kW (Ion 2005). 
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2.4 Laser Cutting of Non-metals 
~ 
It has been noticed from many local industry practices and literature surveys that lasers 
have progressively replaced other conventional methods. The main criteria for such 
replacements are lower cost, higher manufacturing speed, and better quality (Zhou B.H. 
and Mahdavian 2004). For the majority of non-metallic materials such as polymers, 
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woods, ceramics and organic substances, the absorptivity at the CO2 laser wavelength is 
very high, reaching close to 90% at room temperature (Panzner 1998). 
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Even though it is not just absorptivity factor will affect the process, but due to it the 
cutting requires less energy density at an early stage than metal cutting. Basically, laser 
cutting of non-metals involves three mechanisms in which one of them becomes more 
dominant for a given non-metallic material. They are: melt shearing, vaporization, and 
chemical degradation (Powell 1998). However, in wood cutting only the last two 
mechanisms were relevance. They determine the cut edge quality possible in every case. 
2.5 CO2 Laser Cutting of Wood 
An example of CO2 laser cutting of wood is highlighted by Lum et al. (2000) in their 
experiment to determine the process parameter settings for the cutting of medium density 
fibreboard (MDF). This will be discussed in detail in section 2.5.3. Khan et al. have 
highlighted the importance of parameters like laser power, cutting speed and shield gas to 
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determine the cut quality for all materials including both hard and soft timber materials 
(Khan 1992). Both Mukherjee et al. (1990) and Khan et al. (1992) have also commented 
on how nozzle design and variation in shield gas velocity could improve the cutting 
performance of lasers or heat sources on timber-based materials. Cutting speed is an 
important factor because lower cost can be achieve with lower cycle time as a result of 
higher cutting speeds. Shield gas pressures are dependent on the nozzle size and in case 
of gas supplied in cylinders; the amount of gas remaining also affects the pressure (when 
the cylinder is nearly empty). Barnekov has highlighted how the location of the focal 
point with respect to the workpiece also affects cutting efficiency such as accuracy and 
quality (Barnekov 1986, 1989). They have found that the severance energy, which is 
equal to laser power divided by the thickness of the material is about I J/mm2 •. 
The interaction of the laser beam with wood is mainly determined by the type of laser 
being used. The C02 laser beam is absorbed almost completely by wood (Grad 1998). 
C02 also cheap and easily available, this is the reason why most of the literature 
concerning this area focuses on the use of CO2 laser. 
2.5.1 Interaction of an Erbium: Yttrium Aluminium Garnet (Er:Yag) Laser and Wood 
Grad et al. have studied the interaction between Er:Y AG lasers (1..= 2.94 J.lm) with wood 
by employment of the optoacoustic technique (Grad 1998). The interaction between 
Er:YAG lasers and organic tissues are well known (Grad 1998). It is based on strong 
absorption by the water content of different tissues (Yilbas 1987). Its unique properties 
are of interest for various applications. Wood contains water, and thus with regard to the 
interaction with an Er:YAG laser, it might have similar properties to other organic 
tissues. However, some specific interaction phenomena must be considered (Mukherjee 
1990). When wood is heated, its distillation starts at about 300°C (573 K) and has an 
exothermic character. Gases and vapours are formed, and when oxygen reacts with the 
distillation products, combustion occurs (MukherjeeI990). The laser beam acts as a local 
heat source, which heats the wood above the distillation temperature and vaporizes some 
residual charcoal. Naderi reported another type of laser, intense ultrafast (femtosecond) 
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Ti-sapphire laser pulses (Naderi 1999). He has claimed that using this type of interaction 
with Spruce, Oak and Maple has resulted an ultra-clean cut surfaces. 
2.S.2 Parameters Affecting Laser Cutting 
Bamekov (1986) has discussed in detail the factors influencing the laser cutting of wood. 
Bamekov emphasised the three major areas that affect the interaction between the laser 
beam and wood, i.e. I) the characteristics of the laser beam, 2) equipment and processing 
variables and 3) properties of the work materials. Focal lengths from 7S to ISO mm 
(depends on wood thickness) have been shown to yield satisfactory results when cutting 
wood, particleboards and fibreboards. However, there is no information defining the 
optimum focal length when cutting wood greater than 50.8 mm (2 inches) thick. The 
location of the focal point with respect to the workpiece also affects cutting efficiency 
such as the ability for full through cutting and'dimensional accuracy. Bamekov suggested 
that the focal point is positioned at or slightly above the middle of the workpiece; 
therefore, the energy density is uniform throughout the thickness. As a result, the kerf 
width is smaller and uniform; the cut surface has less char and is as smooth and deep cut 
as possible. 
The productivity of laser cutting systems is related to feed speed and a high speed is 
required in some cases. Huber, suggest that, the economical feed speed for the laser 
cutting of furniture is about SO feet per-minute (about IS.2 m/min) (Huber 1989). It will 
require a laser power between 2 to S kW operating in the fundamental mode (TEMoo). 
Traverse Electromagnetic Mode (TEM), which followed by two suffix digits and an 
optional asterisk is a symbol of laser modes. The number of standing waves depends on 
the exact path traversed, so that, in addition to the axial modes, they are also off-axis or 
traversed modes. Fundamental mode, which abbreviated as TEMoo, is often referred as an 
ideal laser mode or so-called Gaussian mode (Crafer 1993). 
For maximum efficiency, the proper combination of feed speed and power will depend on 
workpiece thickness, desired kerf width and wood density. Information describing the 
interaction of factors like focal length, standoff distance (SOD), feed speed and power is 
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still unavailable so that an optimum speed for a good quality cut with regard to degree of 
char and smoothness of the cut surface can be specified (Huber 1989). 
According to Huber et a!. (1989), in order to protect the lens and control excessive 
burning, the smoke resulted from the burning of wood needs to be exhausted by means of 
ajet of gas. The type of gas and its pressure significantly affect depth of penetration and 
cut quality. A jet of air coaxial with the beam with input pressure up to 60 psi (413.8 
kN/m2) is usually used to cut solid wood (Huber 1989). For woodcutting, there is no 
literature available on the effectiveness of gas-jet systems other than coaxial. Huber feels 
that different jet configurations may significantly improve the cutting process. From their 
opinion, jet systems of special design may be needed for different classes of materials or 
wood species in order to reduce the diffraction of the beam and to maintain the desired 
energy level with less surface char (Huber 1989). Huber et al. also explained, the second 
factor that affects the laser cutting of wood is material optical properties. The ability of 
the laser to cut any materials generally involves the absorption of light, the 
transformation of light energy into heat, the distribution and rate of heat transfer and the 
rate of vaporisation in the heated zone. Two fundamental optical properties of wood are 
significant i.e. absorptivity and transmissivity. The values for conductivity of heat and 
depth of penetration are not exactly known for laser light of wavelength 10.6 Ilm, but 
depend on the moisture content, chemical composition and density of wood (Huber 
1989). 
Processing and equipment variables make up the third factor that affects the interaction. 
Huber et al. suggested that in order to regulate the laser cutting process according to the 
variety of material characteristics, a variety of devices in a real-time feedback loop 
should be developed. Researchers and laser manufacturers generally agree that adaptive 
online process control is the major component needed for the laser to become a more 
useful materials processing tool (Huber 1989). 
Barnekov had studied the laser machining of wood composites (Barnekov 1989). This 
practical non-traditional method, using commercial equipment has shown that a nominal 
19.05 mm (% inch) 5-ply composite panel for furniture consisting of a particle board 
core, high density melamine cross bands, and walnut veneer face plies can be cut with a 
CO2 air jet assisted laser to yield surfaces with nominal nonparallellism and char 
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compared to previous attempts. For the material and cutting conditions in this study, the 
best quality cuts (measured in terms of divergence from parallelism from the beam axis) 
were obtained by focusing the beam on the surface of the board, using 400 to 500 W of 
laser power delivered to the workpiece, and cutting at a speed of 0.5 m/min (20 in/min). 
The optimum feed speed used here is less than that found in conventional cutting, such as 
using plywood cutter because establishing the ability of the laser to produce cuts of 
reasonable quality was considered of paramount importance. Higher feed speeds may 
possible with different system configurations. 
2.5.3 Determining Parameter Setting 
Lum et al. (2000) in their experiment have studied in detail the process parameter settings 
for the cutting medium-density fibreboard (MDF). All experiments were carried out using 
both continuous wave (CW) and pulsed mode (PM) cutting to compare the significance 
of the laser beam penetration in either mode. In CW laser, the output of a laser is constant 
with respect to time whereas for pulsed laser the output is varies with respect time. 
According to Lum, wood-based material is cut by thermochemical decomposition (TCD). 
Cutting by TCD tends to be a slow process, and the cut faces tend to be flat and smooth 
but covered in a fine layer of residual carbon dust (charring). For the cutting of MDF, 
both compressed air and nitrogen were used as shield gases. In CO2 laser cutting, the 
shield gas primarily rem'oves material from the cut zone whilst protecting the lens from 
the smoke emitted from the vaporized material. 
For straight-line cutting in CW mode, as the shield gas pressure and focusing conditions 
are held constant, cutting depth could be increased with a reduction of the cutting speed. 
Increasing the effective laser power coupling would allow higher cutting or depth of cut. 
However, it is worth noting that when cutting thin MDF, a limiting factor was the 
shortcomings of the CNC control system rather than the cutting mechanism due to the 
high cutting speeds possible. The maximum achievable cutting speed for full through 
cutting (FT C); whereby the cutting kerf fully separated the material into two pieces is 
varied with material thickness. The composition of MDF also caused potential variations 
in cutting speed. Cutting ability can be related to the bindings of the organic material, the 
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bonding agent used and the residue consisting of carbonized wood, some hydrocarbons, 
tar, etc (Barnekov 1989). 
The surface roughness of the cut surfaces increased with an increase in cutting speed for 
MDF of all thicknesses. A slower cutting speed enabled the beam to penetrate through 
the material or full through cutting (FTC), giving smooth transition across the cutting 
distance. For a faster cutting speed, however, before complete TCD could take place, the 
beam would bypass the region of thermochemical reaction, thus the cut surface would not 
be completely charred. The average kerf width obtained for MDF reduced with 
increasing cutting speed for most material thicknesses. The greater the cutting speed, the 
less time there was for heat to diffuse sideways through the cut surfaces and the narrower 
the kerf width. Instead, there were some fluctuations in the kerf width values with an 
increase in Nitrogen shield gas pressure. 
PM cutting was used in the straight line testing to compare the cut quality with that of 
CW cutting. It was noted that the cutting speed increased with an increase in pulse ratio, 
i.e. the ratio of pulse duration to pulse separation, and decreased with increasing material 
thickness. There was only a slight difference in the surface roughness value, Ra for all 
thicknesses of MDF as it still fell in the range that was obtained through CW. The kerf 
width values obtained were also very similar to those achieved using CW for all 
thicknesses of MDF. However, pulsing was very effective when cutting intricate features 
to try to combat extra charring and widening of the kerf width with the slow feeds used 
when machining these features. 
As for geometric testing, for both CW and PM cutting, MDF was cut neatly with ease at 
the apex even at an angle of 10°. Sharp edges were obtained for all angles of cut with 
minimal burnout. Further tests using compressed air at a higher shield gas pressure 
proved just as effective and provided a similar result, signifying that it would be more 
economical to. use compressed air at low gas pressure as the shield gas. Narrow kerf 
widths are achievable for laser-cut MDF, particularly for PM cutting. Striation patterning, 
although masked by external charring, is evident, but this is of little significance to the 
overall quality of cut as evidenced by the low Ra values obtained. Burnout is also 
minimal, even for angular profile cuts of small internal angle. 
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Lum et al. (2000 part 1), considered the process parameter settings as summarised above 
whilst in part 2 an estimation of the power distribution was made. Part 1 discusses the 
achievement of optimum cutting conditions for C02 laser machining of MDF through' 
experimentation involving a comprehensive range of factors. The data for CW cutting 
appears to be in broad agreement with that obtained by Barnekov et al. (1989) for a 1 kW 
laser. Barnekov (1989) also found that narrow kerf widths are achievable for laser-cut 
MDF, particularly when using PM cutting. Minimal burnout was found even for angular 
profile cuts of small internal angle. Part 2 of their paper details the experimentally based 
method used to evaluate the power distribution for both CW and PM cutting (Ng et al. 
2000). Variations in power distribution with different cutting speeds, material thickness 
and pulse ratios are presented. The paper also provides information on both the cutting 
efficiency and absorptivity index for MDF, and comments on the beam dispersion 
characteristics after the cutting process. 
Belic (1989) in his paper, A Method to Determine the Parameters of Laser Cutting 
discussed the parameters for non-metal processing together with a general model valid 
for any laser materials cutting giving the desired cut quality. 
2.5.4 Focal Point Location 
Khan et al.(1992) discusses the high speed, high energy automated machining of 
hardwoods by using a C02 laser. Major equipment and processing variables involve the 
design of the beam delivery system, location of the focal point, feed rate, nozzle type and 
the type and pressure of the cover gas. Factors related to the material include thickness, 
density, moisture and the thermal and optical properties of the wood. Cuts were made in 
Basswood, Soft Maple, Black Cherry and Black Walnut of equal thicknesses and 
different densities. The cutting results show that the kerf width for cuts made by laser is 
only 0.43mm whereas for saw cutting it was about 3.7 mm. The surfaces of the cuts made 
by lasers were very smooth; however, they had a black layer of char, which can be easily 
removed by sanding, if necessary. 
The increase in the depth of cut is due to the fact that when the focal point is positioned 
below the surface, the energy density is more uniform throughout the entire thickness and 
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a deeper cut with a smaller kerf is obtained. When cutting thin material, the location of 
the focal point is not as important; however, for cutting thick hardwood it is important to 
know the location of the focal point for making the most efficient cuts. The investigation 
of the role of combustion gases on the absorption of laser energy, showed a significant 
increase in the depth of cut when combustion gases were removed from the reaction 
front. The role of oxygen on the depth of cut was also investigated by replacing the cover 
gas with air. It can be seen that when air instead of nitrogen was used as a cover gas the 
depth of cut was relatively higher. When oxygen at a low flow rate was introduced inside 
the kerfthrough an auxiliary nozzle, it was found that it helps the combustion process and 
improves the cutting performance. Deeper cuts with cleaner surface and narrower kerfs 
were obtained. The highest feed rate for clean, narrow and through cuts for Basswood, 
Black Cherry and Black Walnut are 7.62, 5.59 and 5.08 meter per minute respectively. 
The effect of a high velocity air stream on cutting performance was determined by using 
a specially designed supersonic nozzle to accelerate pressurised air to M=1.8 at the 
nozzle orifice. It was found that the maximum feed rate could be improved up to more 
than 0.076 m/s with similar cutting quality as the results using a standard nozzle. Tayal 
et.a/ (1994) have studied the optimum focal point location in the laser machining of thick 
hardwood. They have concluded that, in order to achieve maximum average power 
density of the laser, the top of the focal column should be just touching the surface. Such 
a focal point location with respect to the workpiece surface maximizes the average laser 
power density in the kerf by including the whole focused beam column inside the kerf, 
and utilizing the self-focusing of the beam. 
2.5.5 Theory and Modelling Laser Cutting of Wood 
Li, Lijun and Mazumder in their paper, A Study of the Mechanism of Laser Cutting of 
Wood (Li 1991) discussed the physical mechanism' and theory of cutting of wood. 
Formulas for the basic relationships of the parameters are used same as reported by 
Crafer and Oakley (1993) and furthermore a suggestion of preheated gas-jet-assisted laser 
cutting is proposed. 
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For a perfect Gaussian beam with an aberration-free focusing lens, the radius of the focal 
spot (000) is: 
where: Wo = radius of the focal spot 
A = wave length (m) 
f = focal length (m) 
D = original beam diameter (m) 
(2.1) 
The radius of the beam at a distance z from the focal plane along the beam propagating 
direction is as follows: 
cv = [(~) 2] O.S z Wo 1 + 2 
7rWo 
(2.2) 
liJz = radius of the beam at a distance z from the focal plane along the beam. 
For a practical system, the minimum radius is much larger than this diffraction-
limited wo' mainly because of the spherical aberration of the focal lens and the flaw of 
the beam. It is assumed that the actual beam diameter (D) is approximately: 
Where; 
[ ( A.z) 2] O.s D = "do + 2wo 1 + 7rW; 
do = actual diameter of the focal spot (m) and 
" = the diffraction factor of the beam. 
(2.3) 
They discussed the focal length and its effects on the cutting of thick and thin wood. If 
the lumber to be cut is not too thick, the method of direct vaporization by a laser beam is 
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preferable. In order to assure that the penetration depth of the beam is larger than the 
thickness of the lumber, the focal length of the lens should be large enough to obtain a 
sufficient focal depth. In addition, the focal plane should be adjusted to a position about 
one focal depth below the workpiece surface. For cutting thick wood, the focal length can 
be shorter and the focal plane can be adjusted to the workpiece surface, so that a narrower 
cutting width can be obtained. The choice of gas jet parameters is also important in order 
to optimize the laser woodcutting. Increasing the pressure of the gas jet can improve the 
performance of the cutting process. For cutting thin lumber, a high-speed gas jet keeps 
the interacting region clear from smoke to allow the laser beam to transmit to a deeper 
layer. For thick-wood cutting, increasing the gas jet speed increases both the shear stress 
of the jet to the cutting front and the convective heat transfer between the gas jet and the 
kerf material, thus accelerating the cutting process. They also expected that a cheaper and 
more efficient cutting process could be achieved by using a pre-heated gas jet and low 
power laser, providing that the nozzle could be specially designed. 
2.5.6 Estimating by Severance Energy 
Black (2001) uses the concept of severance energy (energy required per unit area of 
material severed by the laser beam) enables a comparison of one particular process 
arrangement with another that is independent of the actual processing parameter. The 
practical use of severance energy is that it enables an operator to rapidly ascertain how 
difficult a particular material is going to be to cut. It also enables the operator to quickly 
estimate the maximum cutting speed that can be aimed for in order to cut a given 
thickness of material with a specific CO2 laser cutter. 
Black (2001), also stated that a focused low power CO2 laser beam will produce a 
temperature rise at the focal spot due to the amount of heat applied locally. The thermal 
gradient will be enough to start a phase change, the breaking of molecular bonds or both; 
thus inducing the melting, vaporisation and chemical degradation of the material. The 
amount of energy deposited must be sufficient to vaporise and chemically degrade the 
material, preventing a burning front from expanding to the lateral sides of the cut. 
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Many non-metals combine low thermal conductivity with a high coefficient of expansion. 
For this reason, since at low feed rates the time of exposure is longer, the localized 
heating by the laser is higher and the material cut would present severe bumed edges. If 
the feed rate of the CNC is set too high, the cut front will not have enough exposure time 
to penetrate the material completely and also the waste material will not leave the 
interaction zone out of the bottom of the cut. Even though when there was no high 
pressure assist gas system available, the quality of the cuts obtained appear good 
especially with cloth in the textile mills where the lack of debris was noticeable (Black 
2001). The edge cut obtained in soft wood is splinter free but shows a notorious burned 
region which is minimized at the higher feed rate of 4mm/sec. Pasteboard edge cut 
quality is the best obtained with minimal bums. With all the samples the repeatability and 
precision of the cuts performed are acceptable. 
2.5.7 Timber Treatment by Laser 
Hattori (1995) discusses the laser processing of wood. There are many types oflasers and 
the author concluded that a C02 laser is the most suitable for wood processing due to the 
fact that different gases have different wavelengths which will result in different energy 
densities and quality of cutting. A C02 laser has a better energy density than a Y AG laser 
when interacting with wood and paper. The author discusses in detail the incising of 
holes on several woods. This method will improve the drying process. He concluded that 
laser cutting offers another method of woodcutting. The difference between them is that 
the traditional method needs to use several types of cutters, whereas laser cutting just 
needs to change the parameters. The questions of the cutting efficiency and the cost need 
to be studied further. 
Hattori (1991), discussed the incising of various types of wood using a 500 watt C02 
laser. This research is useful to speed up wood drying and achieve deeper penetration of 
preservatives into wood. They have found that, in general, the depth of holes deepens as 
the specific gravity decreases. The relationship between the irradiated light energy of a 
laser light and the depth of hole is significant. The greater the irradiated light energy, the 
deeper the hole. 
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Ruddick (1991) discussed the use of a C02 laser to incise Canadian softwood to improve 
treatability. The results show that incising the Douglas-fir sample using 125 Watts and 
prolonged the duration to 0.5 second from 0.03 second will increase the incision depth 
from 10 mm to 32 mm. The incision diameter also increased uniformly from 0.7mm at 
the surface to 1.5 mm at a point 15 mm from the surface. The various laser beam 
operating conditions plotted against the depth of incision shows that a value of 200 watts 
seconds was needed to penetrate the board. 
2.5.8 Laser and Material Parameters 
Arai et.al have reported on Factors Affecting the Laser Processing of Wood in two parts 
i.e.: firstly, the effects of mechanical laser parameters on machinability and secondly the 
effects of material parameters on machinability (Arai, Hayashi 1992 & 1994). The 
relationships between laser power or mechanical device and material are still under 
research by many researchers. The objective of intelligent control of laser machining in 
the industrial context has yet to be achieved. The control of these parameters is not 
adequate to date. Lasers are very good for cutting wood but the problem is to achieve the 
best cutting quality because woods always have different properties even in one single 
piece. When laser power is increased, the depth of cut will also increase and when the 
cutting speed is increased, a narrower kerf can be achieved. The relationship between 
feed speed and depth of cut is linear with a negative slope. When assist gas pressure is 
increased the flow rate is increased but it will cause more power losses. It will create a 
kind of cooling effect but when the flow rate more than 10 I/min that tendency cannot be 
observed. In his second paper he discusses the effect on materials (wood). From the result 
it is found that the effect of cutting direction either parallel or perpendicular to the fibre 
direction of the wood has no significant effect on the kerfwidth. When the power is high 
and speed below 100 mm/min the kerf when cut parallel is bigger than when cut 
perpendicular. The biggest difference is 0.2 mm but differences in cutting depth are 
minimal. The depth of cut is not dependent on either the radial or tangential section with 
almost no difference in kerf width. The effect of cutting direction can only be seen when 
the speed is slow below 100 mmlmin with 0.2mm difference in kerf width. The 
46 
Chapter 2: Literature Survey 
relationship of density and depth of cut is negative and exponential. The tendency of the 
curve is to become more flat for the wood with higher density. The kerf width for the 
latter wood is smaller if compared to the early wood. 
2.6 Image Processing on Wood 
The research papers found on the image processing of wood are mainly to inspect the 
wood surface quality. Kline et.al (1990) used a multiple sensor machine vision prototype 
to scan full size hardwood lumber at industrial speeds for automatically detecting features 
such as knots, holes, stain, splits, wane, checks and colour. The image collected is then 
utilized for image interpretations i.e. for image segmentation and object recognition. 
Pietro (P. Di Pietro and Y. 1. Yao 1994) discussed in detail many different techniques of 
laser-made cut quality measurement for various materials. The quality of the laser made 
cut was defined in terms of kerf width, cut edge squareness, inner side slope of the kerf, 
heat affected zone extent, dross appearance and surface roughness (striations). V.Sergi 
(V.Sergi 1991) has obtained a direct roughness profile of the inner kerf of a laser cut 
surface by using a laser beam as a stylus. Other attempts at characterizing laser cut 
surface profiles have been carried out by Bierrnann et.al (1988).· 
2.7 Characterization of the Laser Beam 
Hattori (1995) discusses the laser processing of wood. There are many types of lasers 
with different wavelengths, not every laser is suitable for woodcutting. The author 
concluded that a CO2 laser is the most suitable for wood processing due to the fact that 
different gases have different wavelengths which will result in different energy densities 
and quality of cutting, for example the CO2 laser has better energy density than the Y AG 
laser when interacting with wood and paper. The author discusses in detail the incising of 
holes in several woods. This method will improve the drying process. He concluded that 
laser cutting offers another method of woodcutting. This fact is again discussed by 
Ladislav Grad (Ladislav Grad et al. 1998), who concludes that the interaction of the laser 
beam with wood is mainly determined by the type of laser being used. The C02 laser 
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beam is absorbed almost completely by wood. This is the reason why most of the 
literature found in this area focus on the use of this type oflaser. 
2.8 Processing Variables 
As noted previously, there are t)1ree major areas that affect the interaction between a laser 
beam and wood i.e. I) characteristics of the laser beam, 2) equipment and processing 
variables and 3) properties of the work materials. These findings are given by Bamekov 
(1986) and also by Khan et al. (I 992). The beam characteristics include power, mode, 
polarization and stability. Equipment and processing variables involve the design of the 
beam delivery system, location of the focal point, feed rate, nozzle type and the type and 
pressure of the cover gas. Factors related to the material include thickness, density, 
moisture content and the thermal and optical properties of the wood. 
2.9 Wood Properties 
Arai (1994) has discussed factors affecting the laser processing of wood. Wood 
properties develop as a result of several factors such as the nature and environment in 
which the trees have grown. The main properties and differences between woods are: 
i. Density 
ii. Moisture content 
The parameters of wood material that will affect on cutting process include the fibre 
direction relative to the cutting direction and secondly the debris or dusts are different in 
different types of wood. 
2.9. I Thermal Properties 
Wood, in common with other materials, expands when heated, but not generally to the 
same degree as do materials such as metals. The thermal coefficient of expansion for 
wood parallel to its grain may, for example, be as little as one three-hundredth of that for 
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steel. Coefficients perpendicular to the grain may be in the order of 5 to 10 times that 
parallel to the grain. 
Wood, is a good insulator, that is, it has a high resistance to heat flow. In normal wood, 
thermal conductivity is about the same in either the radial or the tangential direction, but 
it is 2 to 3 times greater in the longitudinal direction. The average thermal conductivity 
perpendicular to the grain for moisture contents of up to about 40 percent may be 
expressed by the following empirical equation: 
k = 8(1.39 + 0.028M) + 0.165 
Where k: thermal conductivity, W/m2 °C (Btu/ft2 h OF) 
8: specific gravity based on volume at current moisture content and weight when 
oven dry 
M: moisture content expressed as percentage of oven dry weight 
For wood at moisture contents greater than 40 percent, thermal conductivity may be 
expressed by: 
k = 8 (1.39 + 0.038M) + 0.165 
The thermal conductivity of wood is much less than that of many other structural 
materials. The thermal conductivity of wood is only about one-sixteenth that of sand and 
gravel concrete and only about one four-hundredth that of steel. 
2.9.2 Density 
The density of wood is determined principally by two factors: - the amount of wood 
substance per unit volume and the moisture content. Other factors, such as the content of 
extractives and minerals, have minor effects on density. The density of wood, exclusive 
of water, differs greatly within as well as between species. Typically, density falls in the 
range of 320 to 720 kg/m3 (20 to 45 Ibm/ft3). The range actually extends from 160 kg/m3 
(10 Ibm/ft3) for balsa to more than 1040 kg/m3 (65 Ibm/ft3) for some other tropical 
species. Many characteristics of wood are affected by density. Since it is the wood 
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substance in the fibres that imparts strength and stiffness, wood of high density is 
stronger and stiffer than wood of low density, other factors such as moisture content 
being equal. Woods of high density typically shrink and swell more with changes in 
moisture content than do woods of low density. 
2.9.3 Behaviour in Fire 
Wood is combustible. It is also a good insulator, as is the char formed during combustion. 
As a consequence, the wood just inside the char is at a comparatively low temperature as 
compared with that at the fire-exposed surface. Because of these insulating layers of 
wood and char, the rate of charring is low - of the order of 1.5 inlh (0.138 m/h) - and 
wood members oflarge cross sections retain substantial proportions of their original load-
carrying capacity for relatively long periods during fire exposure. 
The exposure of wood to elevated temperatures results in a loss of unit strength. With 
short-time exposure there may be no lasting effect, but long-time exposure causes a 
permanent loss in unit strength, the degree of loss being dependent on both the 
temperature and the duration of exposure. However, because wood just below the char 
line has experienced only a moderate rise in temperature, a large proportion of the 
unburned part of the member retains its original unit strength, with a thin layer next to the 
char retaining most of its original strength. Thus, in many cases, particularly in fires of 
short duration, the loss of load-carrying capacity may be only the loss that results from a 
reduced effective cross section. For conservatively designed members, rehabilitation after 
a fire may require only the removal of char. In the case of glued-laminated bending 
members, which have special tension laminations, the loss of a large proportion of such 
high-quality laminations may change the overall allowable design stress greatly. This 
effect as well as the effect of change in cross section must be considered in evaluating the 
residual load-carrying capacity of the member. 
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2.9.4 Laser Cutting Operation 
The laser cutting process is superior to the thermal cutting processes, because the power 
intensity in the laser beam results in very large temperature gradients (Olsen 1988). In 
addition to the laser beam, the exothermic process, which is involved in the cutting, has 
an important role in the process. In the paper, it was indicated that the oxygen reacts with 
the material vapour in a relatively large zone behind the cutting front, resulting in an 
increase of both pressure and the temperature in the cut kerf in this zone and thereby 
supporting the removal of material from the kerf. 
2.10 Laser-workpiece Interaction 
In terms of the physics of laser-solid interaction (Pauleau 1994), the absorption 
mechanism occurs primarily by interaction with electrons. Electrons absorb quanta of 
light energy and are raised to higher states. The electrons very rapidly give up their 
energy in collisions in the time frame of 10-12 seconds or less. The energy is thus 
transformed very rapidly into lattice vibrations, i.e. into heat. The absorption or 
penetration of laser light into the surface of conducting materials is described by the 
equation, 
I (l) = ID (l-R) exp (a x l) 
Where I (l) is the intensity of the light (laser energy) penetrating to depth l in the 
material, ID is the laser power flux at the surface (W 1m2), R is the reflectance of the 
surface, and a is the absorption coefficient of the material. 
A laser with a suitable wavelength can be chosen so that the maximum absorption takes 
place within a small zone near the surface. The absorption coefficient may depend not 
only on the wavelength of the laser light and type of material, but also upon the surface 
finish and surface temperature. Generally speaking, for clean surfaces, the absorption 
increases as the temperature increases, and absorption is generally larger at shorter 
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wavelengths. For surface modification processes in which there is no phase change, the 
maximum temperature rise at the surface during the irradiation process is given by: 
Ts = (IolK) x (4 x k X tilt) 112 
Where K is the thermal conductivity of the material (W/cms· I ), k is the thermal 
diffusivity (cm2s·I), and t is the time of the laser beam interaction with the material. 
After the energy is absorbed, it is transferred through the material by thermal conduction. 
When there is no phase change in the material, then the depth, Z of the heat energy in 
time is given by: 
Z = (4kt) 112 
Where k is the thermal diffusivity of the material. If the laser flux is increased above the 
melting point of the material (where there is a phase change), then the above equations 
are not valid. 
2.10.1 Striation Formation 
The cutting front formation mechanism in oxygen-assisted laser cutting has been 
investigated by several authors, trying to explain the formation ofthe striation pattern on 
the cut edges. Formation of striations is considered as one ofthe deficiencies ofthe laser 
cutting process, which strongly affect the quality of the cut (Bekir 1996). The 
mechanisms triggering the formation of stria are not well understood. Several 
explanations for stria occurrence exist, but there is still no general consensus on the 
dynamic effect of laser cutting, whereas strias may develop due to the non-steady nature 
of the process. An explanation of this is that at cutting speeds less than the speed of the 
moving molten layer, sideways burning occurs and results is strias formation (Simon 
1989). It also noted that curved strias develop near the under surface of the cut once the 
cutting speed increases to critical speeds. These appear to be due to solidification of the 
oxides region. The critical cutting speed increases rapidly with oxygen pressure providing 
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that a further increase in oxygen pressure does not enhance the oxidation process, but 
increases the removal rate from the cut. A substantial amount of surface plasma occurs 
using thick workpieces at high oxygen pressure, causing an increase in the erosion of the 
surface due to thermal effects. This process occurs periodically and leads to the 
development of striations around the kerf edge. 
Although a rapid increase in power intensity causes increment in the cutting speed 
initially, the process tends to saturate for all thicknesses of work piece as power intensifies 
(Bekir 1996). The cutting speed has a maximum value at which stable cutting can be 
sustained under stated conditions. This does not imply that at a maximum cutting speed 
all the laser power is absorbed in the workpiece, but rather that the kerf cannot be kept 
open at higher speeds whilst the cut geometry, and hence the eventually favourable 
conditions for absorption and chemical reaction, collapses. Even apparently, stable 
cutting is accomplished through a sequence of transient processes as proved by the marks 
left in the kerf. This effect is particularly prominent when cutting at velocities much 
lower than the optimum and at low gas pressure. As the workpiece thickness increases, 
the amplitude of the probe responses increases, which shows that the size of the surface 
plasma increases with the increasing workpiece thickness. This may be caused by one or 
all of the following: as the workpiece thickness increases, the time required for full 
penetration of the workpiece increases (Yilbas et al. 1990). Consequently, the pressure 
developed inside the kerf increases, which in turn increases the mass removal rate. As a 
result, substantial amounts of plasma are developed on the surface (Yilbas et al. 1987). 
2.10.2 Heat-affected Zone (HAZ) 
According to (Pan 2001) the current study analyzes the peculiar growth of the heat-
affected zone, HAZ, due to laser energy and the anisotropy of heat conductivity from the 
anisotropic arrangement of the fibre reinforcement in the composite material; and further 
applies the concept that the cut quality can be improved by reducing the resulting 
temperature on the workpiece, which leads to laser machining at low temperature. In their 
paper, the investigation covers the cutting of a unidirectional laminated carbon/epoxy 
composite perpendicular to and parallel to the fibre axis, using a cool nitrogen jet to 
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reduce thennal damage. The range of the HAZ is estimated by the isotherm of the matrix 
char temperature. Heat conduction maximum lies along the carbon fibres, with the HAZ 
shape thus being affected by the beam scanning direction relative to the fibre orientation. 
An experimental study to determine the surface finish characteristics of CFRP and AFRP 
processed by COz laser was conducted by Tagliaferni (Tagliaferni et al. 1987), finding 
that the HAZ depends strictly on the feed rate and that the greater the speed of the laser 
beam, the smaller the volume of damage and the better the cut finish (Stakgold, I 1979). 
The theoretical and experimentally determined extents illustrate the same characteristics 
of the HAZ, although the experimental HAZ extends deeper in the z-direction and is 
narrower in the y-direction. The phenomenon occurs because the point of heat source, i.e. 
the laser beam spot, actually moves downwards in the z-direction along with the material 
removal, and does not remain at z=O. 
When cut perpendicular to the fibre orientation the material is more severely affected 
than when cut parallel to the fibre orientation. Since the carbon fibre has much higher 
thennal conductivity (nearly two orders of magnitude higher) than the polymer matrix, 
the thennal conduction is along the fibre direction. Consequently, the thermal effect is 
dammed across the fibres (cutting parallel to the fibre axis), the resulting HAZ being 
more extensive in cutting perpendicular to the fibre axis. The actual heat conduction 
along the fibres is much less due to the drastically reduced conductivity of the carbon 
fibre at the laser cutting temperature. Hence, more heat than predicted is restricted to the 
near-laser region, causing a narrower HAZ, which results in over-predicted heat 
conduction, especially in the fibre direction when cutting perpendicular to the fibre axis. 
The simulated HAZ for cutting perpendicular to the fibre axis is approximately twice as 
large as the experimentally obtained HAZ. In the case of cutting parallel to the fibre axis, 
the above effects are less significant, since the conductivities in the y-z plane, 
perpendicular to the fibres, show less pronounced temperature dependence. 
A water jet is used as the coolant to reduce the HAZ (Chiang et al. 1994) Although the 
results were positive, the moisture and water content could be undesirable in causing the 
material strength to deteriorate. In the research, using Nz to cool the workpiece as well as 
to create an inert environment was attempted; with the finding that serious bum and the 
HAZ can be largely suppressed. No particular cutting direction relative to the fibre axis is 
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dominant for the reduction of the HAZ in such applications, due to the same effect of the 
fibre axis on both heating (from beam energy) and cooling (from cool N2). It was also 
revealed that the lower the workpiece temperature, the more significant is the reduction 
of the HAZ. The extent of the HAZ is calculated by the isotherm of the matrix char 
temperature. The solution predicts that thermal damage is proportional to the input laser 
energy, and a low temperature environment reduces thermal damage in laser cutting, by 
extracting more heat from out of the workpiece. This latter result leads to an innovative 
technique for coolant application in laser machining. 
According to Bekir (1996), it is said that in general, for mild steel at very low cutting 
speeds, the cuts were of irregulru- width and contained holes of varying diameter spaced 
irregularly along the cut. This effect is referred to as self-burning and is shown for all of 
the workpieces. An increase in cutting speed reduced the incidence of these holes until 
the cut became completely regular and was not more than O.5mm wide. At still higher 
speeds, this curved portion extended up towards the top surface of the metal and the 
lower part of the cut became wider and less regular. This is called the curved-striation 
effect. For a particular thickness, self-burning occurred only at very low speeds and the 
curved striation-effect only appeared at considerably high speeds, especially at high 
oxygen pressures. The maximum cutting speed was limited by the appearance of curved 
ridges on the lower surface of the cuts. For a particular power level, self-burning occurs 
below a particular cutting speed and increases with increasing oxygen pressure, since 
oxidation is a chemical reaction and the rate of reaction is proportional to the local 
oxygen concentration. However, at high cutting speeds, the heat spread from the cutting 
zone decreases, which in turn increases the temperature gradients in the kerf and 
diminishes the tendency for oxidation to become locally self-sustaining. 
2.11 Advantages of Laser Cutting Processes 
The first industrial use of C02 lasers was the cutting of plywood die boards for the 
packaging industry (Crafer 1993). Since this early application in 1971 the technology has 
developed enormously and lasers are now used with great commercial and technical 
success to cut almost any material. A cursory review of the literature available will reveal 
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the enormous scope of applications, from drilling the holes in baby feeder teats to cutting 
super alloy panels for the aerospace industry. 
2.11.1 A Comparison With the Water Jet 
Zheng et.al (1996) has presented the cost and quality aspects of both laser and water jet 
cutting. The materials used were sheet metals of various thicknesses including stainless 
steel, mild steel and alloy steel. Zheng concluded that laser cuts had narrower kerf width 
and better accuracy. There is no HAZ for water jet cutting but HAZ does exist for laser 
cuts. The laser can cut thin and less reflective materials such as mild steel and stainless 
steel much faster. While for highly reflective or thicker materials, the water jet could cut 
at relatively faster rates. There is a thickness limit for materials to be cut by laser due to 
the nature of thermal processing. The water jet will be able to cut very thick materials at 
slow speed. For the range of materials used in their experiments, the ratio of cutting 
speeds between the laser and the water jet was 0.76 to 0.86 and the laser was more cost 
effective with good cut quality. 
2.11.2 Comparison With Other Techniques 
Powell and Wykes (Powell et.al 1989) did a study to compare CO2 laser cutting with 
other cutting techniques, the summary is in Table 2-1. 
It is clear that the strongest points of CO2 laser cutting are: 
• The range of materials which can be cut is very wide. In this respect the only 
superior cutting method is the Abrasive Water Jet (A WJ). 
• The kerf width is very small (0.1-1.0 mm) and thus the ability to cut complex 
profile is high. In this respect only a Nd:YAG laser is superior. 
• Very highly reflective metals such as Gold, Silver, and Copper can be cut more 
effectively by high power Nd:Y AG lasers. 
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Table 2-1: A qualitative comparison of 4 cutting methods with C02 laser cutting. 
Nd:Yag Plasma AWJ 02f1ame 
Capital costs S G S VG 
Running costs S S S G 
Metal cutting: 
Speed P G VP P 
Quality S-G VP VG P 
Maximum thickness S VG VG VG 
HAZ S-G VP VG P 
Kerfwidth S-G VP VP VP 
Non metal cutting 
Ceramics: 
Speed- scribing P N/A N/A N/A 
Speed- cutting P N/A P N/A 
Edge quality S-G N/A G N/A 
Maximum thickness S-G N/A VG N/A 
Kerfwidth S-G N/A P N/A 
Polymers: 
Speed N/A N/A S N/A 
Quality N/A N/A S N/A 
Maximum thickness N/A N/A G N/A 
Kerfwidth N/A N/A P N/A 
Key: VG - Very Good, G - Good, S - Similar, P - Poor, VP - Very Poor (as compared 
with C02 laser cutting). 
• Cutting speeds for thin section metals (particularly steels) are generally high 
and are exceeded only by Plasma cutting. 
From the study, it was found that C02 laser cutting has two weak points when compared 
to other techniques: 
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• Capital costs are high. Although Nd:YAG and Abrasive Water Jet system costs 
are similar, plasma and flame equipment are very much cheaper. 
• The maximum thickness of metal which can be cut is very low compared to all 
other techniques except Nd:YAG machines. 
2.12 Conclusions 
The laser cutting process has a number of advantages over competing technologies which 
have ensured the growth of this branch of industry. It is a non-contact process, which 
means that the material needs only to be lightly clamped or merely positioned under the 
beam. Flexible or flimsy materials can be cut with great precision and do not distort 
during cutting, as they would when cut by mechanical methods. The cut width or kerf 
width is extremely narrow (typically 0.1 to 1.0mm) and so very detailed work can be 
carried out without the restriction of a minimum internal radius imposed by milling 
machines and similar mechanical methods. The process is fully CNC controlled. This is· 
combined with the lack of necessity for complex jigging arrangements. Although laser 
cutting is a thermal process, the actual area heated by the laser is very small and most of 
this heated material is removed during cutting. Thus, the thermal input to the bulk of the 
material is very low, heat affected zones are minimized and thermal distortion is 
generally avoided. The process cuts at high cutting speed compared to other profiling 
methods. For example, a typical 1200W laser will cut 2mm thick mild steel at 6m/min. 
The same machine will cut 5mm thick acrylic sheet at approximately 12m/min. In most 
cases the cut components will be ready for service immediately after cutting without any 
subsequent cleaning operation. Owing to the CNC nature of the process, the narrowness 
of the kerfwidth and the lack of mechanical force on the sheet being cut, components can 
be arranged to "nest" very close together. This reduces wastage of material to a 
minimum. In some cases this principle can be extended until there is no waste material at 
all between similar edges of adjacent components. The laser cut separates the two 
components, which therefore "share" the cut line. This, of course, is an extremely 
effective use of material and laser time but is generally only applicable where two 
components can be arranged to share a straight line cut. Although the capital cost of a 
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laser cutting machine is substantial, the running costs are generally very low. The process 
is extremely quiet compared to competing techniques, a factor which improves the 
working environment and the efficiency of the operating staff. Laser cutting machines are 
extremely safe to use in comparison with their mechanical counterparts. 
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Chapter 3 
Analysis of Factors Affecting Laser Cut Wood 
3.1 Initial Experiments and Analysis 
Initial experiments of analysing factors affecting laser cut wood have been carried 
out in the Advanced Cutting Technology Lab, Department of Engineering Design 
and Manufacture, University of Malaya using four types of Malaysian wood, namely: 
Nyatoh (Palaquium spp.), Kembang Semangkok (Scaphium spp.) and Meranti 
(Shorea spp.) and Plywood. 
3.2 Experimental Procedure 
The reason of selecting the four types of wood material for this initial experiment is 
to identify the most dominant parameters that affects laser cut wood. The constant 
and variable machining parameters are given in Table 3-1, and the detail for each 
experiments for every wood materials are given in Table 3-2 to Table 3-5. 
3.3 Equipment 
Basically the equipment used in these experiments was a low power commercial CO2 
laser-cutting machine. 
3.3.1 Laser Machine 
The experiments are performed on a low power carbon dioxide laser, equipped with 
a slow flow CO2 laser producing a maximum output power of 500W. The system 
consists of a laser cutting machine, ZL 1010 (Figure 3-2), and a laser generation 
unit, ZLX 5 (Figure 3-3); equipped with nozzles of different diameters, guides and 
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cover plates. The details of the machine specifications are given in Appendix Al.l 
Laser Cutting Work Station (ZLlOIO) and Appendix Al.2 Laser Beam Generation 
System (ZLXS) and the detail of the nozzle was illustrated in Appendix A2.1. 
Figure 3-1 
Zech Laser Cutting Machine 
Figure 3-2 Laser Beam Generation Unit 
3.3.2 PC Workstation and Software 
A PC workstation was used for developing the design and controlling the automatic 
mode of operations. To facilitate the design of the product and to implement 
experiments with the laser-cutting machine, three software programs were used. 
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AutoCAD Release 14 software is used to design a two dimensional drawing of the 
product intended for the experiments. While the other two programs, i.e. C-CUT and 
Zech Laser software, were used as the laser cutting software for the machine's 
numerical control and as automatic machining mode software, respectively. 
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3.3.3 Measurement Tools 
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C-Cut Software Interface 
For the analysis of the geometric and dimensional accuracy of the specimens, 
measurements of the materials will be carried out with the appropriate tools. These 
tools are digital callipers (Figure 3-5) and a steel ruler. As for the striations 
characteristics and severity of bums or charring, a visual analysis is made. This issue 
will be studied in chapter 6, in which a method to quantify the charring will be 
proposed. 
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Figure 3-5 Digital Calliper 
3.3.4 Gaseous 
The gases used for the experiments consist of two types, namely Assist Gas 1 and 
Assist Gas 2. 
Assist Gas 1 is used to produce gas pressure (normally a mixture of CO2, nitrogen 
and helium in the proportions 1 :5:20 by volume, respectively). 
Assist Gas 2 is provided as the laser gas (normally compressed air or nitrogen for the 
cutting of non-metals). 
Figure 3-6 Laser Gas and Nitrogen Gas Tanks 
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3.4 Workpiece Material 
The materials chosen for the experiments consist of non-metals, which are wood-
based material, namely Malaysian timber products such as Nyatoh (Palaquium spp.), 
Kembang Semangkok (Scaphium spp.) and Meranti (Shorea spp.) and Plywood. 
These woods are each available in a thickness of IOmm. Each type of wood as its 
own characteristics such as weight, water content and density; which in turn will 
determine the characteristics when being machined. Since wood is very sensitive to 
extreme high temperatures, several considerations have to be emphasized on 
processing of the material by laser. 
The followings are the general description of the materials chosen as the samples in 
the experiments: 
3.4.1 Nyatoh (palaquium spp.) 
Figure 3-7 Nyatoh 
Sapwood (the softer part of the wood between the inner bark and the heartwood) is 
moderately well defined. Heartwood (the hard central wood of the trunk of an 
exogenous tree; duramen) is deep pink-red or red-brown. The grain is straight to 
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shallowly interlocked and sometimes wavy. The texture is moderately fine to slightly 
coarse and even. 
Vessels (one of the tubular conductive structures of xylem, consisting of dead 
cylindrical cells that are attached end to end and connected by perforations) are with 
simple perforations and medium-sized, moderately few or occasionally moderately 
numerous and are characteristically arranged in chain-like radial multiples of 2 to 6, 
but in some species solitary vessels are frequent. Tyloses (a bubblelike formation in 
the cavity of tracheids or vessels in the wood of trees, consisting of protoplasm 
intruded from adjacent parenchyma cells) are sparse in the lighter species but 
abundant in the heavier species. Wood parenchyma (the fundamental tissue of plants, 
composed of thin-walled cells able to divide) is exclusively of the apotracheal type, 
arranged in regularly spaced and narrow bands. Rays are very fine or fine, generally 
not visible to the naked eye on the cross-section. 
3.4.2 Meranti (Shorea spp.) 
Figure 3-8 Meranti 
Sapwood is well-defined from the heartwood, which is light pink to light red or light 
brown. The grain is interlocked. The texture is coarse and even. 
Vessels are with simple perforations and moderately large, few to moderately few 
and mostly solitary, others in oblique or radial pairs and radial multiples of up to 4 in 
a series; diffuse but with a tendency to align in short oblique lines. Tyloses are 
present but generally not abundant. 
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Wood parenchyma is of both apotracheal and paratracheal types; apotracheal 
parenchyma appears as irregularly spaced bands enclosing resin canals and as diffuse 
strands forming short, narrow lines from ray to ray; the paratracheal type appears as 
incomplete borders to the vessels, narrow vasicentric type as well as aliform and 
sometimes even locally confluent. Rays are medium-sized, visible to the naked eye 
and conspicuous on a radial surface. 
Intercellular canals of the vertical type are present in concentric series and are 
usually plugged with white-coloured resin, distinct to the naked eye on the cross-
section but less pronounced on longitudinal surfaces. 
3.4.3 Kembang Semangkok (Scaphium spp.) 
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Figure 3-9 Kembang Semangkok 
Sapwood is lighter in shape merging gradually into the heartwood, which is yellow-
brown, light buff or light brown. The grain is straight or shallowly interlocked. The 
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texture is slightly coarse and uneven due to the broad rays and wide layers of 
parenchyma. 
Growth rings are distinct, demarcated by layers of terminal parenchyma. Vessels are 
medium-sized to moderately large, few to fairly few, solitary and in radial groups of 
2 to 3, with a tendency to tangential arrangement. Vessels are open. 
Wood parenchyma is abundant, visible to the naked eyes, with paratracheal 
parenchyma appearing as borders around the vessels, sometimes aliform and locally 
confluent; apotracheal parenchyma has fairly broad bands, which simulate growth 
rings. 
Rays are of two distinct sizes; the larger rays being very broad and conspicuous, the 
finer rays are storeyed. The ray pattern on the tangential longitudinal surface is 
characteristic and reminiscent of mosquito netting. 
3.4.4 Plywood 
Plywood is a combination of different types of wood layered together and adhered 
with urea or phenolic binders. 
Figure 3-10 Plywood 
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3.5 Experiment Parameters / Process Conditions 
All manufacturing processes, including laser machining, have operating parameters 
or setting variables, which determine the operation of the process. These parameters 
can be divided into two groups: fixed and variable. 
These include the laser power, cutting speed, nozzle diameter, stand off distance 
(SOD), material thickness, assist gas pressure, corner power, time delay etc. The 
selection of these parameters, were carefully planned based on the machine manual 
and previous attempt by other researchers. For the purpose of the study, only some 
parameters are considered. These parameters are presented in Table 3-1. 
Table 3-1 Constant and Variable Machining Parameters 
Constant parameters Variable parameters 
Material thickness: 10mm 
Laser power: lOOW, 200W, 300W, 
400W and SOOW 
Assist gas pressure:- Gas 1 (l.Sbar) 
Cutting speed: 0.2 to 1.2mmlmin 
- Gas 2 (3.0 bar) 
Time Delay: 3 seconds 
Nozzle diameter: 3.0mm Assist gaseous:- Compressed air 
Nozzle stand-off distance: 1.Smm - Nitrogen 
Corner power: 70% 
3.5.1 Initial experimental work parameters 
From initial experimental work done in Malaysia for a few selected materials: 
I. Plywood 
2. Meranti (Shorea spp.) 
3. Nyatoh (Palaquiumspp.) 
4. Kembang Semangkok (Scaphium spp.) 
68 
Chapter 3: Analysis of Factors Affecting Laser Cut Wood . 
Table 3-2 Experiment Parameters Setting for Machining of Meranti (Shorea spp.) 
Meranti (Shorea spp.) 
--
Physical properties Mechanical properties 
Air-Dry Density: 385 - 755 kg/m3 Static Bending: 8,400 - 13,600 N/mm2 
Moisture Content': Green: 47 -102 % Compression Strength 
Air-Dry: 14.2 -19.7 % - Perpendicular to grain: 2.41 - 2.51 N/mm2 
Shrinkage: Radial : 1.5-2.6% - Parallel to grain : 34.50 - 48.20N/mm2 
Tangential: 3.8 - 7.4 % Shear Strength: 6.30 - 11.00 N/mm2 
Thickness: 10mm *based on weight of wood when dry 
Machining Parameters 
Nozzle Assist Gas Pressure 
Nozzle 
Laser Power Cutting Speed Stand-off Assist Gas (bar) Corner Power Time Delay 
Diameter (watt) (m/min) 
(mm) Distance 
(mm) 
(Gas 2) 
Gas 1 Gas2 
(%) (sec.) 
lOO 
200 Compressed 
300 0.2, 05, 0.8, 1.2 3.0 1.5 Air or 1.5 3.0 70 3 
400 Nitrogen 
500 
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Table 3-3 Experiment Parameters Setting for Machining of Nyatoh (Palaquium spp.) 
Nyaloh (Palaquium spp.) 
Physical properties Mechanical properties 
Air-Dry Density: 400 - 1,075 kg/m3 Static Bending: 12,200 - IS,300 N/mm' 
Moisture Content": Green: 52 - 79 % Compression Strength 
Air-Dry: 16.5 -17.5 % - Perpendicular to grain: 4.48 - 9.17 N/mm' 
Shrinkage: Radial: 1.0-3.0% - Parallel to grain : 43.50 - 4S.20N/mm' 
Tangential: 1.9 - 4.3 % Shear Strength: 11.0 - 11.9 N/mm' 
Thickness: 10mm -based on weight of wood when dry 
Machining Parameters 
Nozzle Assist Gas Pressure 
Nozzle 
Laser Power Cutting Speed Stand-off Assist Gas (bar) Corner Power Time Delay 
Diameter 
(watt) (m/min) Distance (Gas 2) (%) (sec.) (mm) Gas 1 Gas2 
(mm) 
100 
200 Compressed 
300 0.2, OS, 0.8, 1.2 3.0 1.5 Air or 1.5 3.0 70 3 
400 Nitrogen 
500 
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Table 3-4 Experiment Parameters Setting for Machining of Kembang Semangkok (Scaphium spp.) 
Kembang Semangkok (Scaphium spp.) 
Physical properties Mechanical properties 
Air-Dry Density: 515 -755 kg/m3 Static Bending: 15,300 - 17,000 N/mm' 
Moisture Content": Green: 73 % Compression Strength 
Air-Dry: 16.8 % 
-
Perpendicular to grain: N.A. 
Shrinkage: Radial: 1.2 % 
-
Parallel to grain: 50.20 - 52.00N/mm' 
Tangential: 3.0 % Shear Strength: 9.10 - 10.10 N/mm' 
Thickness: IOmm *based on weight of wood when dry 
Machining Parameters 
Nozzle Assist Gas Pressure 
Nozzle 
Laser Power Cutting Speed Stand-off Assist Gas (bar) Corner Power Time Delay 
Diameter (watt) (m/min) Distance (Gas 2) (%) (sec.) (mm) Gas 1 Gas2 (mm) 
lOO 
200 Compressed 
300 0.2, OS, 0.8, 1.2 3.0 1.5 Air or I.S 3.0 70 3 
400 Nitrogeu 
500 
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Table 3-5 Experiment Parameters Setting for Machining of Plywood 
Plywood 
Machining Parameters 
Nozzle Assist Gas Pressure 
Laser Nozzle 
Cutting Speed Stand-off Assist Gas (bar) Corner Power Time Delay 
Power Diameter (m/min) Distance (Gas 2) (%) (sec.) (watt) (mm) Gas 1 Gas2 (mm) 
100 
200 Compressed 
300 0.2, 05, 0.8, 1.2 3.0 1.5 Air or 1.5 3.0 70 3 
400 Nitrogen 
500 
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3.5.1.1 Laser Power 
Laser power depends on the type of laser used. For the work reported in this study, a 
Zech Laser ZL 10 1 0 machine will be employed, ranging in power output from 100 
watts to 500 watts. The laser beam mode is essentially TEMoI. with all experiments 
performed under continuous wave (CW) operation. 
3.5.1.2 Cutting Speed 
The CNC table used with the Zech Laser ZL 1010 laser-cutting machine has a 
maximum feed rate of7,500 mmlmin (7.5 mlmin). The optimum cutting speed varied 
with the power setting and more importantly, with the thickness of the work material. 
3.5.1.3 Shield Gas Type and Pressure 
Compressed air and nitrogen were used as shield gases during cutting, with 
maximum pressure of 3.0 bar (recommended by the machine manufacturer for 
cutting wood) [http://www.laser.co.atldata_wood.htrn]. Different shield gases were 
used to examine their effect on cut quality after processing, since the shield gas not 
only cools and removes vaporized material, but also generates a chemical reaction 
with the substrate material. 
3.5.1.4 Nozzle Diameter and Stand-off Distance (SOD) 
The nozzle diameter contributes directly to the maximum achievable gas pressure 
and hence the mass flow rate of the gas was important for the economics of cutting, 
especially when using nitrogen. For these experiments, a nozzle size of 3.0mm 
diameter will be chosen. 
Nozzle stand-off distance is an important parameter in laser cutting as discussed in 
the literature review. A suitable distance is essential in ensuring a good cut with an 
acceptably good quality product. Generally the distance between nozzle and material 
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for non-metals is kept between 1.5 to 4.0mm (compared to 0.5 to 1.0mm for metals). 
Such a gap will ensure sufficient penetration and ease any burning of the surface of 
the material. The focal length and its relation to the SOD is depicted in Appendix A, 
Figure A2-I. For this type of machine the lens is fixed. The lens is made of Zinc 
Selenide (ZnSe) with 6 mm thickness. Distance between lens to nozzle tip = 130 
mm (fixed) and length of Focus = 5" (127 mm). 
Figure 3-11 Nozzle Positioning System 
3.5.1.5 Material Thickness 
In the laser cutting of woods, it is possible to cut sections of up to 40mm thickness, 
although thicker sections are possible. However, for this experimental purpose, only 
10 mm thickness of wood will be used. 
3.5.1.6 Corner Power and Time Delay 
Corner power can be defined as the power intensity in terms of the percentage of 
cutting speed when cutting a corner or a curved geometry. Values of the cutting 
speed must be lower when cutting a corner or cutting a curved geometry rather than 
for a straight line. This is due to the difference in cutting path, which is slightly more 
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difficult as compared to that for a straight line, especially for thicker and harder 
materials. The corner power can be set in the range of 0 to 99 percent of the actual 
output power. 
The time delay is the time needed to initiate cutting and can be idled for a few 
seconds before the actual cutting taking place. It is a function of the material's 
properties such as thickness, strength, density, thermal conductivity etc. For example, 
. for a workpiece of high thickness, extra delay time will be needed in order for the 
laser beam to penetrate through the material and initiate cutting; and vice versa for 
thinner material. Generally, delay time will not exceed more than 3 seconds in order 
to avoid localization of heat input in the work material and causing unwanted 
deterioration and damage. For these experiments, a time delay of 0 to 10 seconds is 
used. 
3.6 Experimental Setup 
3.6.1 Machine setup 
The experiments will be performed on a low power carbon dioxide laser (Zech Laser 
model ZL 1010), equipped with a slow flow CO2 laser producing a maximum output 
power of 500 watts. The beam mode is essentially TEMolo with all experiments 
performed under continuous wave (CW) operation. The laser beam will be focused 
onto the workpieces down in z-axis direction with a maintained nozzle SOD of 
1.5mm. A nozzle size of 3.0mm diameter is chosen. The assist gas pressures will be 
kept constant at 1.5 and 3.0 bar for assist gases 1 and 2 respectively, throughout the 
experiments; as compressed air and nitrogen will be chosen as the assist gas. The 
cutting speeds chosen were O.2m1min, 0.5m/min, 0.8m/min and 1.2m1min 
respectively; representing low to high cutting speeds. The delay time will be fixed at 
3 seconds during all experiments. 
The experiment is conducted by following the procedures stated below: 
I. The thickness of the wood to be cut is measured using digital callipers .. 
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2. The workpiece is placed on the moving platform, and the C-Cut program is 
open as for the generation of the cutting path. 
3. A nozzle of 3.0mm diameter is chosen for the experiment and is set to a 
fixed stand-off position of l.5mm from the workpiece. 
4. Start the ZL 1010 program and key in the machining parameters of the 
experiments. 
5. The first sets of experiments used compressed air as the assist gas, which is 
supplied to the machine from a compressor unit. 
6. Three cuts will be made for each parameter setting. If it is found impossible 
to cut all three samples, the experiments will continue with new parameter 
settings, neglecting the number of successful cuts produced before. 
7. Steps I to 7 are repeated for all wood samples, but with nitrogen substituted 
as the assist gas. 
The final products are collected for further measurement and analysis regarding 
sideline length, circular diameter, kerfwidth, surface finish etc. 
3.7 Experimental Procedure 
3.7.1 Design of Product 
The part, which consists of straight lines, a hole and curve geometry, is designed in 
AutoCAD software. This design is drawn in 2D form, and exported into .dxJfile and 
used in the Zech Laser machine software to generate the cutting path. This design, 
shown in Figure 3-12, is simple and easy to cut, while providing ease of analysis. 
76 
Chapter 3: Analysis of Factors Affecting Laser Cut Wood 
!'%Au I DJ I IlK) ~jl I!!II.!II3 
I . 
1I 
I 
Figure 3-12 AutoCAD Drawing ofthe Workpiece 
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3.8 Data Collection and Analysis 
3.8.1 Sideline Length 
The sideline length is measured using digital callipers and the obtained lengths are 
tabulated. The measured length is measured at the straight section of the workpiece 
that results from laser cutting. Since there are many workpieces to be measured, the 
measurement of the sideline length is only considered at the cut surface parallel to 
the grain distribution of the wood. 
3.8.2 Circular Diameter 
This dimension is also measured using digital callipers. 
3.8.3 Percentage of Overcut 
Overcut is obtained from the percentage overcut of the measured length or diameter 
of the part geometry using the following equation, 
Overcut (%) = ((Measured dimension - Actual dimension) / (Actual dimension}) 
Overcut and its percentage is represented with a negative (-) sign if it is less than the 
actual dimension or left without any sign (positive) if the obtained measurement is 
more than the actual dimension. 
3.8.4 KerfWidth 
Measurement for kerf width is done at the straight section cut by the laser. Kerf 
widths are measured by measuring the inner length of the work material and 
subtracting it from the outer length ofthe produced part. The value is then divided by 
2 to obtain the mean value ofkerfwidth from both sides of the kerf. 
3.8.5 Material Removal Rate, MRR 
Material removal rate is calculated using the following functions, 
Material Removal Rate, MRR (mJ/min) = thickness x cutting speed x kerfwidth 
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3.8.6 Experiment Precautions 
Since the nature of the laser itself is quite hazardous if improperly operated or the 
human operator excessively exposed, precautions have to be strictly adhered to when 
conducting experiments. Plus, the use of easily combustible material, i.e. wood, 
indicates that even more caution than normal should be exercised. Classification of 
laser product hazards are listed below: 
Class 1: Low power lasers: "eye safe" when exposed/viewed at minimum distance. 
Class 2: Low power lasers: Visible CW lasers not exceeding ImW or pulsed lasers 
not an exceeding exposure limit of more than 0.25 seconds. 
Class 3A: Medium power lasers: safe for brief viewing (for about 0.25 seconds), but 
without direct viewing with magnifying optics such as a microscope. 
Class 3B: Medium power lasers: no direct viewing even for brief periods. 
Class 4: High power lasers: visible, infrared or ultra violet lasers that exceed the 
maximum power or energy. Not safe even for momentary viewing and 
there is also potential for skin, fire, or diffusion reflection hazards. 
3.8.6.1 Beam Exposure-Skin damage 
The 10.61lm wavelength light generated by CO2 lasers is extremely effectively 
absorbed by water and hydrocarbon molecules. As the surface of (and most of the 
bulk) of human beings is entirely made up of water and hydrocarbons (including 
most clothing) a person can be assumed to be an excellent absorber of C02 laser 
radiation. According to the British Safety Standard (BS 4803:83) the maximum safe 
energy density to which a human being can be exposed is 0.1 W/cm2. A typical 
unfocused b~am from a C02 laser (500W with a diameter of 12mm) has an average 
energy density of 442 W/cm2 and the energy gradient within the beam is responsible 
for much higher energy densities towards the centre. This obviously implies that 
exposure to an unfocused beam for even a very short time will result in tissue 
damage. Exposure to such a beam for more than few milliseconds may result in 
extremely serious bums. 
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A major feature of the hazard is the fact that the beam is infrared and therefore 
invisible. Great caution when working around an unenclosed beam should be 
exercised. The number of people in the area must be kept down to a minimum, but 
the operator should not work alone; someone must be close to a "beam off' switch at 
all times with instructions to switch off the beam if requested or if anything at all 
unexpected happens. There is of course no substitute for correct training, and all this 
should be obtained from the equipment supplier whenever possible. 
One source of beam exposure bums is reflection of the beam at or near the 
workpiece. Reflection from a cut zone is not a problem unless cutting is interrupted 
whilst the laser is still firing, i.e. if the oxygen supply fails, or the sheet material 
moves out of the focus zone - this can happen by the accumulation of thermal stress 
which will cause the sheet to distort suddenly. 
Another source of danger is reflections off the jigs used to hold workpieces. Jigs are 
sometimes made from aluminium or brass as these materials are easy to machine. 
These materials are very reflective and care must be taken to avoid stray reflections 
off them. 
3.8.6.2 Beam Exposure-Eye safety 
Eye damage from a C02 laser will be primarily a surface effect rather than one of 
internal damage. It has already been mentioned that C02 laser light is readily 
absorbed by water and hydrocarbon molecules so a C02 laser beam impinging on the 
surface of the eye will be heavily absorbed by the surface layer of water and will 
rapidly dehydrate that layer and begin damaging the material beneath. 
It is therefore necessary to protect the eye by using safety goggles of which many 
varieties are available ranging from simple plastic (polycarbonate) spectacles to high 
technology multilayer goggles that can withstand high energy densities for several 
seconds. 
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3.8.6.3 Fumes and Smoke 
All laser-cutting devices generate fumes and sometimes smoke whilst cutting. These 
fumes are made up from the gases, liquids and particles ejected from the cut zone 
and are, in general, potentially harmful to health. For this reason, all cutting 
machines should be fitted with an effective extraction system. No fume extraction is 
100% effective, and for this reason, a brief review of an example of the fume 
generating materials appropriate to wood based products is given. 
The buming process in the cut zone is little different from that experienced in a wood 
burning fire. The fumes and smoke given off by untreated wood are therefore of little 
danger to health. Material such as plywood is given its strength by the addition of 
polymeric components, and these can cause the same problems as when it is cut by 
conventional means. Smoke will also contribute to eye irritation. 
3.8.6.4 Fires 
The laser cutting environment is generally associated with sparks, hot vapours etc., 
and can be considered to be a moderate fire risk. As well as fires started by hot 
material leaving the cut, there is a danger of ignition of the surroundings as a result 
of the reflection of the beam or mispositioning during alignment. To avoid fires 
around the cutting head, the number of components made from non-metallic 
materials should be kept to a minimum. Extraction system tubing and gas pipelines 
bringing cutting gas to the nozzle should be either made of metal at the end nearest 
the cutting head, or shielded by a metal liner of some sort. Cables in this area should 
also be shielded. 
This "absence of inflammable materials" philosophy should be extended to the whole 
area around the laser workplace. Small, minor fires can become commonplace if the 
area around the cutting table is allowed to become untidy with worksheets, notepads 
and cleaning cloths. 
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Fire extinguishers for all types of fire should be available in the workplace and 
personnel should have the relevant training in their use. One important point specific 
to the high power laser environment is that it is advisable to have a "laser shutdown" 
control completely remote from the machine itself. In case of emergency, the laser 
can therefore be deactivated without risk. 
3.9 Results 
From the previously conducted experiments, all information regarding experimental 
results are tabulated in Appendix A and illustrated in the form of graphs. Also, 
figures concerning the workpiece are attached in Appendix B for close examination 
and evaluation. Data from the tables and graphical illustrations are then analyzed and 
discussed further in chapter 7. 
3.9.1 Tables 
All tables corresponding to measurement data, along with evaluations of process 
conditions are presented for each and every type of wood separately in APPENDIX 
A. to facilitate evaluation and further appropriate discussions. 
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3.9.2 Graphs 
Results in the form of figures are illustrated graphically for ease of evaluation and 
better understanding of the experiments. 
3.9.2.1 Graphs for Merant; (Shorea spp.) 
3.9.2.1a 
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Figure 3-18 Sideline Length versus Laser Power (Compressed Air as the assist gas) -
Meranti (SflOrea spp.) (Table A3.1.1) 
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Figure 3-19 Sideline Length versus Laser Power (Nitrogen as the assist gas) -
Meranti (Shorea spp.) (Table A3.1.2) 
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3.9.2.1b Percentage of Overcut for Sideline Length- Meranti (Shorea spp.) 
Percent of Overcut vs. Laser Power for certain Cutting Speed 
0 
100 200 300 400 500 6 0 
-0.5 
-1 
~ ~ --+-0.2 m/min _O.Srn/min ~ -1.5 
"--
~ 0.8 m/min 
~ ~ _1.2m/min 
-2 
------
'- • 
-2.5 
-
-
-3 
Laser Power (watt) 
Figure 3-20 Sideliue Length-Percent of Overcut versus Laser Power (Compressed 
Air as the assist gas) - Meranti (Shorea spp.) (Table A3.1.1) 
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Figure 3-21 Sideline Length-Percent of Overcut versus Laser Power (Nitrogen as 
the assist gas) - Meranti (Shorea spp.) (Table A3.1.2) 
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3.9.2.1c Circular Diameter- Meranti (Shorea spp.) 
Circular Diameter vs. Laser Power for certain Cutting Speed 
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Figure 3-22 Circular Diameter versus Laser Power (Compressed Air as the assist 
gas) - Meranti (Shorea spp.) (Table A3.1.3) 
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Figure 3-23 Circular Diameter versus Laser Power (Nitrogen as the assist gas) -
Meranti (S/lOrea spp.)(Table A3.1.4) 
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3.9.2.1d Percent of Overcut for Circular Diameter - Meranti (Shorea spp.) 
Percent of Overcut vs. Laser Power for certain Cutting Speed 
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Figure 3-24 Circular Diameter-Percent of Overcut versus Laser Power 
(Compressed Air as the assist gas) - Meranti (SllOrea spp.) (Table A3.1.3) 
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Figure 3-25 Circular Diameter-Percent of Overcut versus Laser Power (Nitrogen as 
the assist gas) - Meranti (Shorea spp.) (Table A3.1.4) 
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3.9.2.1e Kerf Width (comparison between using compressed air and 
nitrogen as the assist gas) - Meranti (Shorea spp.) 
Kert Width vs. Laser Power for certain Cutting Speed with Compressed Air 
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Figure 3·26 Kerf Width versus Laser Power- Meranli (Shorea spp.) (Table A3.1.5 
and A3.1.6) 
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3.9.2.lf Material Removal Rate, MRR (comparison between using 
compressed air and nitrogen as the assist gas) - Meranti (Shorea spp.) 
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Figure 3-27 Material Removal Rate, MRR versus Laser Power- Meranti (Shorea 
spp.)( Table A3.1.7 and A3.1.8) 
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3.9.2.2 Graphs for Nyatoh (Palaquium spp.) 
3.9.2.2a Sideline Length- Nyatoh (Palaquium spp.) 
Sideline Length vs. Laser Power for certain Cutting Speed 
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Figure 3-28 Sideline Length versus Laser Power (Compressed Air as the assist gas) -
Nyatoh (Palaquium spp.) (Table A3.2.1) 
Sideline Length vs. Laser Power for certain CuWng Speed 
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Figure 3-29 Sideline Length versus Laser Power (Nitrogen as the assist gas) - Nyatoh 
(Palaquium spp.) (Table A3.2.2) 
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3.9.2.2h Percent of Overcut for Sideline Length- Nyatoh (Palaquium spp.) 
Percent of Overcut vs. Laser Power for certain Cutting Speed 
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Figure 3-30 Sideline Length-Percent of Overcut versus Laser Power (Compressed 
Air as the assist gas) - Nyatoh (Palaquium spp.) (Table A3.2.1) 
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Figure 3-31 Sideline Length-Percent of Overcut versus Laser Power (Nitrogen as 
the assist gas) - Nyatoh (Palaquium spp.) (Table A3.2.2) 
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Figure 3-32 Circular Diameter versus Laser Power (Compressed Air as the assist 
gas) - Nyatolt (Palaquium spp.) (Table A3.2.3) 
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Figure 3-33 Circular Diameter versus Laser Power (Nitrogen as the assist gas) -
Nyatolt (Palaquium spp.) (Table A3.2.4) 
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Percent of Overcut for Circular Diameter - Nyatoh (Palaquium 
Percent of Overcut vs. Laser Power for certain Cutting Speed 
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Figure 3-34 Circular Diameter -Percent of Overcut versus Laser Power 
(Compressed Air as the assist gas) - Nyatoh (Palaquium spp.) (Table A3.2.3) 
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Figure 3-35 Circular Diameter -Percent of Overcut versus Laser Power (Nitrogen as 
the assist gas) - Nyatoh (Palaquium spp.) (Table A3.2.4) 
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3.9.2.2e Kerf Width (comparison between using compressed air and 
nitrogen as the assist gas) - Nyatoh (Palaquium spp.) 
Kerfwidth vs. Laser Power for certain Cutting Speed using Compressed Air or 
Nitrogen as the Assist Gas 
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Figure 3-36 Kerf Width versus Laser Power- Nyatoh (Palaquium spp.) 
(Table A3.2.S and A3.2.6) 
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3.9.2.2f Material Removal Rate, MRR (comparison between using 
compressed air and nitrogen as the assist gas) - Nyatoh (Palaquium spp.) 
Material Removal Rate vs. Laser Power for certain Cutting Speed by using 
Compressed Air or Nitrogen as the Assist Gas 
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Figure 3-37 Material Removal Rate, MRR versus Laser Power- Nyatoh (Palaquium 
spp.) (Table A3.2.7 and A3.2.8) 
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Graphs for Kembang Semangkok (Scaphium spp.) 
Sideline Length- Kembang Semangkok (Scaphium spp.) 
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Figure 3-38 Sideline Length versus Laser Power (Compressed Air as the assist gas) -
Kembang Semangkok (Scaphium spp.) (Table A3.3.1) 
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Fignre 3-39 Sideline Length versus Laser Power (Nitrogen as the assist gas) -
Kembang Semangkok (Scaphium spp.) (Table A3.3.2) 
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3.9.2.3b Percent of Overcut for Sideline Length- Kembang Semangkok 
(Scaphium spp.) 
Percent of Overcut vs. Laser Power for certain Cutting Speed 
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Figure 3-40 Sideline Length-Percent of Overcut versus Laser Power (Compressed 
Air as the assist gas) - Kembang Semangkok (Scaphium spp.) (Table A3.3.1) 
Percent of Overcut vs. Laser Power for certain Cutting Speed 
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Figure 3-41 Sideline Length-Percent of Overcut versus Laser Power (Nitrogen as 
the assist gas) - Kembang Semangkok (Scaphium spp.) (Table A3.3.2) 
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Circular Diameter- Kembang Semangkok (Scaphium spp.) 
Circular Diameter vs. Laser Power for certain Cutting Speed 
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Figure 3-42 Circular Diameter versus Laser Power (Compressed Air as the assist 
gas) - Kembang Semangkok (Scaphium spp.) (Table A3.3.3) 
Circular Diameter vs. Laser Power for certain Cutting Speed 
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Figure 3-43 Circular Diameter versus Laser Power (Nitrogeu as the assist gas) -
Kembang Semangkok (Scaphium spp.) (Table A3.3.4) 
97 
Chapter 3: Analysis of Factors Affecting Laser Cut Wood 
3.9.2.3d Percent of Overcut for Circular Diameter - Kembang Semangkok 
(Scaphium spp.) 
Percent of Overcut vs. Laser Power for certain Cutting Speed 
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Figure 3-44 Circular Diameter-Percent of Overcut versus Laser Power 
(Compressed Air as the assist gas) - Kembang Semangkok (Scaphium spp.) (Table 
A3.3.3) 
Percent of Overcut vs. Laser Power for certain Cutting Speed 
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Figure 3-45 Circular Diameter-Percent of Overcut versus Laser Power (Nitrogen as 
the assist gas) - Kembang Semangkok (Scaphium spp.) (Table A3.3.4) 
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3.9.2.3e Kerf Width (comparison between using compressed air and 
nitrogen as the assist gas) - Kembang Semangkok (Scaphium spp.) 
KerfWldth vs. Laser Power for certain Cutting Speed with Compressed Air or 
Nitrogen as the Assist Gas 
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Figure 3-46 Kerf Width versus Laser Power- Kembang Semangkok (Scaphium 
spp.) (Table A3.3.S and A3.3.6) 
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3.9.2.3f Material Removal Rate, MRR (comparison between using 
compressed air and nitrogen as the assist gas) - Kemhang Semangkok (Scaphium 
spp.) 
Material Removal Rate, MRR vs, Laser Power for certain Cutting Speed 
with Compressed Air or Nitrogen as the Assist Gas 
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Figure 3-47 Material Removal Rate, MRR versus Laser Power- Kemhang 
Semangkok (Scaphium spp.) (Table A3.3.7 and A3.3.8) 
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3.9.2.4 Graphs for Plywood 
3.9.2.4a Sideline Length- Plywood. 
Sideline Length vs. Laser Power for certain Cutting Speed 
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Figure 3-48 Sideline Length versus Laser Power (Compressed Air as the assist gas) 
-Plywood. (Table A3.4.1) 
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Figure 3-49 Sideline Length versus Laser Power (Nitrogen as the assist gas) -
Plywood (Table A3.4.2) 
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3.9.2.4h Percent of Overcut for Sideline Length- Plywood 
Percent of Overcut vs Laser. Power for certain Cutting Speed 
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Figure 3-50 Sideline Length-Percent of Overcut versus Laser Power (Compressed 
Air as the assist gas) -Plywood (Table A3.4.1) 
Percent of Overcut vs. Laser Power for certain Cutting Speed 
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Figure 3-51 Sideline Length-Percent of Overcut versus Laser Power (Nitrogen as 
the assist gas) - Plywood (Table A3.4.2) 
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Circular Diameter- Plywood 
Circular Diameter vs. Laser Power for certain Cutting Speed 
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Figure 3-52 Circular Diameter versus Laser Power (Compressed Air as the assist 
gas) - Plywood (Table A3.4.3) 
Circular Diameter vs. Laser Power for certain Cutting Speed 
E 16 
.5. 15.8 
.. 
J!! 15.6 
.. 
E 15.4 
.!!! 
C 
.. 15.2 
.!!! 
::I 15 u 
.. 
)lE lIE lIE lIE lIE 
(3 
14.8 
o 100 200 300 400 500 600 
Laser Power (watt) 
1-+-0.2 m/min ___ 0.5 m/min 0.8 m/min ~ 1.2 m/m in (no cut) "'"'*-Acfual diameter (mm) I 
Figure 3-53 Circular Diameter versus Laser Power (Nitrogen as the assist gas) -
Plywood (Table A3.4.4) 
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3.9.2.4d Percent of Overcut for Circular Diameter - Plywood 
Percent of Overcut vs. Laser Power for certain Cutting Speed 
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Figure 3-54 Circular Diameter-Percent of Overcut versus Laser Power 
(Compressed Air as the assist gas) - Plywood (Table A3.4.3) 
Percent of Overcut vs. Laser Power for certain Cutting Speed 
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Figure 3-55 Circular Diameter-Percent of Overcut versus Laser Power (Nitrogen as 
the assist gas) - Plywood (Table A3.4.4) 
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3.9.2.4e Kerf Width (comparison between using compressed air and 
nitrogen as the assist gas) - Plywood 
Kerf width (mm) vs. Laser power (watt) for certain Cutting speed with Compressed 
Air or Nitrogen as the Assist Gas 
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Figure 3-56 Kerf Width versus Laser Power- Plywood (Table A3.4.5 and A3.4.6) 
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3.9.2.4f Material Removal Rate, MRR (comparison between using 
compressed air and nitrogen as the assist gas) - Plywood 
Material Removal Rate, MRR vs. Laser Power for certain Cutting Speed with 
Compressed Air or Nitrogen as the Assist Gas 
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Figure 3-57 Material Removal Rate, MRR versus Laser Power- Plywood 
(Table A3.4.7 and A3.4.8) 
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3.10 Discussions 
In this chapter, all information regarding experimental data, tables, graphs and 
figures are evaluated and discussed further in order to clearly examme and 
understand ifthe findings correspond to previous experiments. 
For ease of evaluation and discussion, this chapter will be divided into several 
sections governing different types of wood, subdivided into their own characteristics 
upon laser cutting in terms of sideline length and its percent of overcut, circular 
diameter and its percent of overcut, kerf width, material removal rate and the 
characteristics of striations and burning. Discussion will cover how the 
characteristics of laser-cutting affect the above factors in terms of cutting with either 
compressed air or nitrogen as the assist gas. Their significance towards the laser 
cutting process and final product produced will also be considered for comparison 
and discussions. 
3.10.1 
3.10.1.1 
3.10.1.1a 
Detailed Discussion 
Discussions for Meranti (Shorea spp.) 
Sideline Length and Percent of Overcut- Meranti (Shorea spp.) 
From Figure 3-18 and analyzing data from Table A3.1.1, it is found that as the laser 
power increases, the sideline length obtained decreases for all cutting speeds. With 
compressed air assisting the cutting operation, it is also observed that all workpieces 
are able to be cut successfully at the cutting speeds of 0.2m1min and 0.5m1min for all 
laser powers, whereas making some cuts is only possible at an input power of 300 
watts and above for cutting speeds of 0.8m1min and 1.2m1min. As the cutting speed 
increases, the laser beam will be exposed to the workpiece for less time, making it 
unable to initiate penetration to produce a successful cut. This is more obvious at low 
laser power, especially below 300 watts where no full through cut can be made at all. 
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The difference between the actual dimension and the producible length is found to be 
in the range ofO.30mm to O.77mm less than the actual length as referred to in Table 
A3.1.1 The closest achievable length is at the cutting speed of O.5m1min for an input 
power of 100 watt; which is 0.30mm less than the actual length of 30.0mm 
(corresponding for 1.5% less in terms of percentage overcut); while the farthest is at 
the cutting speed of 0.2m1min, at 500 watt input power which is 0.77mm less or 
approximately 2.57% less in terms of percentage overcut. Other readings, besides the 
figures stated above, fall in the range of 1.47% to 2.47% less in terms of percentage 
overcut. 
When analyzing Figure 3-19 and Table A3.1.2 for the cutting with nitrogen as the 
assist gas, generally, a similar trend of that obtained when cutting with compressed 
air can be found. As the laser power increases, the overcut becomes more and 
worsens with the decreasing cutting speed. Similarly, the graph shows the same 
pattern and correlation between the producible length and the actual dimension 
drawn in AutoCAD; but when comparing with compressed air-assisted cutting, it is 
found that the number of workpieces that are successfully cut is lower. For example, 
at the cutting speed of O.5m1min, for the same input power of 100 watt, there is no 
cut that can be made when nitrogen is assisting the process. This cannot be solely 
taken as though nitrogen may limit the ability of the laser beam to cut successfully, 
because at other combinations of cutting speeds and input power, the producible cuts 
are as the same as when cutting with compressed air. 
Figure 3-19 shows a more practical relationship between laser power and cutting 
speed than those for cutting with compressed air. The inert environment offered by 
nitrogen may be considered as the reason that stable conditions in the cutting process 
are created, resulting in a proper relationship between laser power and cutting speed 
as stated before. This fact is also supported by the sideline length obtained and 
numbers of workpieces producible throughout the experiment. 
When the cutting process is assisted with nitrogen, the highest portion of material 
loss is found to be 0.78mm or 2.6% less in terms of percentage overcut and is 
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observed at the cutting speed of O.2m1min and input power of 500 watts; whereas the 
smallest is 0.38mm or approximately 1.27% less in terms of percentage overcut. This 
data, however, shows a difference as compared to when cutting with compressed air 
as the assist gas. It is found that the length is a little shorter, which is O.Olmm less 
(0.03% more in terms of percentage overcut) when the cutting is nitrogen-assisted. 
3.10.1.1b Circular Diameter aud Percent of Overcut- Meranti (Shorea spp.) 
Clearly from Figure 3-22, it is observed that as the laser power increases, the 
circular diameter produced becomes larger, especially at low cutting speeds. The 
reason behind this is that, when lower speed or lower feed is applied to the process, 
heat input into the workpiece will accumulate longer in the cut zone, plus a longer 
time will be taken for it to be dissipated; causing more portions of the material to 
vaporize and bum thus resulting in larger diameter holes. 
From Table A3.1.3 the highest portion of this is evident when cutting at the lowest 
speed of O.2m!min with highest input power of 500 watts, producing a diameter of 
15.98mm or 6.53% more in terms of percentage overcut. Considering the properties 
of Meranti (Shorea spp.) wood, it can be said that these figures are quite high, even 
though the wood is found to be moderately dense and has a moderate strength 
compared to all the other wood samples. The smallest overcut is found to be 0.54mm 
larger than the actual dimension, representing 3.6% more in terms of percentage 
overcut. Generally, the range of material loss due to overcut in terms of diameter and 
percentage of overcut are, 0.54mm to 0.98 mm and 3.6% to 6.53%, respectively. 
Similarly, the relationship between increasing circular diameter upon increasing laser 
power and decreasing cutting speed is also found to be the same when cutting with 
nitrogen as the assist gas. Referring to Figure 3-23 and data from Table A3.1.4, the 
highest overcut is found to be at the cutting speed of 0.2m!min with 500 watt laser 
power, indicating a hole that is 0.92mm larger than the actual diameter or 6.13% 
more in terms of percentage overcut; while the lowest overcut obtained is 0.47mm 
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larger or 3.13% more in terms of percentage overcut. This reading is reported when 
cutting at the speed of 0.8m1min with an input power of 400 watts. 
Both of these highest and lowest values of overcut, show a difference from those 
obtained when cutting with compressed air, in which less overcut is produced when 
assisting the cutting process with nitrogen. Again, this supports the fact that nitrogen 
did manage to control heat input in the cutting process, thus producing the desired 
features with acceptable dimensions. 
3.10.1.1c Kerf Width- Meranti (Shorea spp.) 
Comparing the width of the cut or kerf width, generally, it is found that the widths 
obtained when cutting with compressed air assistance are larger than those when 
cutting with nitrogen. 
As the power increases, the kerf width increases with the decreasing cutting speed 
and shows its widest kerf at the cutting speed of 0.2m1min at input power of 400 watt 
and 500 watt for compressed air-assisted cutting. The reading is recorded as O.77mm 
(refer Table A3.1.5). However, when nitrogen is used, the width produced is 
0.855mm at the cutting speed of O.2m1min and input power of 500 watt. These 
figures alone do not represent the overaJl conditions of the analysis regarding kerf 
width since they only corresponded to cutting at 0.2m1min cutting speed and 500 
watt input power. Other cutting conditions give an opposite result. 
As for comparison, by selecting two of the narrowest kerf widths obtained at the 
same cutting speed of O.5m1min and input power of 200 watts, they are to found to 
be 0.490 mm and 0.485mm for cutting with both compressed air and nitrogen, 
respectively. Once more, the kerf widths obtained show the width obtained with 
nitrogen-assisted cutting is relatively smaJler. 
Overall, the range of kerf width for compressed air-assisted cutting falls within the 
range 0.35mm to 0.77mm while for nitrogen-assisted cutting the range is within 
0.385mm to 0.855mm. 
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3.10.1.1d Material Removal Rate, MRR- Meranti (Shorea spp.) 
As a function of cutting speed, kerf width and material thickness; referring to 
previous data on kerf width, it is said that the material removal rate when cutting 
with compressed air is higher than when cutting with nitrogen as the assist gas. 
Through examination of Figure 3-27 and analyzing data from Table A3.1.7 and 
Table A3.1.8, it is found that the maximum material removal rate for cutting with 
compressed air is 6.72m3/min while the minimum is 1.14m3/min. As for nitrogen-
assisted cutting, the maximum material removal rate is 5.10m3/min while the 
minimum is 1.1Om3/min. 
Even with the higher rate of material removal, it does not always mean that the 
process is maximally efficient. In order for the process to be efficient and versatile, it 
has to consider all cutting characteristics based on priority; e.g. which is the vital to 
the final product, which is to be fulfilled first etc. For example, the final dimension 
might be vital to the finished product whilst the finished quality is not, and vice 
versa, according to the actual function of the final part produced. 
3.10.1.2 
3.10.1.2a 
Discussion for Nyatoh (Palaquium spp.) 
Sideline Length and Percent of Overcut- Nyatoh (Palaquium spp.) 
Referring to Figure 3-28 (Table A3.2.1), it is obvious that the sideline lengths 
obtained from the cutting operation are less than those of the actual dimension drawn 
in AutoCAD software. It is also noticed that all workpieces are able to be cut at the 
power input of 300 watt and above, for all cutting speeds of 0.2rn1min, O.5rn1min, 
O.Srnlmin and 1.2rn1min. However, below 300 watts, fewer workpieces can be cut 
successfully, especially at high cutting speeds of O.Srnlmin and 1.2rn1min as 
compared to lower speeds ofO.2rn1min and O.5rn1min. 
Generally, it is found that the sideline length obtained from all power inputs keeps on 
decreasing as the power increases. This is more evident at low cutting speeds in 
which the slower rate of beam movement from the impact area results in a longer 
laser beam exposure time experienced by the workpieces, thus causing too much heat 
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localization and over-burning of the work material. This, in turn, causes a large 
portion of the material to vaporize and be lost due to the more intense heat at high 
power input and low cutting speeds. 
The highest portion of material which is lost due to this is at the lowest cutting speed 
of 0.2m1min and at the power input of 500 watt, which is 0.86mm less than the actual 
length (corresponding to about 2.87% less in terms of percentage overcut). (See 
Table A3.2.1 and Figure 3-28), while the lowest (which is preferred), is at the 
cutting speed of 1.2m1min for 300 watt power input with 0.35mm less than the actual 
length, or about 1.17% less in terms of percentage overcut. 
Cutting with combinations of low power input and low cutting speed may result in 
inefficiency of the process since it increases the processing time, but it still manages 
to produce a considerable number of workpieces. This is opposite for cutting with 
low power input and high cutting speed where the processing time is higher but the 
numbers of workpieces produced are less. It is found that cutting at a moderate 
power input of 300 watts, applied for each of the cutting speeds 0.2m1min, 0.5m1min, 
0.8m1min and 1.2m1min; is the ideal setting for the cutting of Nyatoh (Palaquium 
spp.) wood with compressed air. 
Comparatively, when the cutting operation uses nitrogen as the assist gas, it is found 
that there is little difference in the sideline lengths obtained compared with those 
from compressed air assisted cutting as discussed previously. Similarly, by referring 
to Figure 3-29 and analyzing data from Table A3.2.2, it is noticed that the sideline 
lengths obtained from the cutting operation are less than the actual dimension drawn 
in AutoCAD. It seems that all workpieces can be cut at an input power of 300 watts 
and above, at each of the cutting speeds 0.2m1min, 0.5m1min, 0.8m1min and 
1.2m1min. Below 300 watts fewer workpieces can be cut, especially at the high 
cutting speeds of 0.8m1min and 1.2m1min. 
Compared to cutting with compressed air as the assist gas, cutting with nitrogen 
shows that the highest portion of loss is at the cutting speed of O.2m1min, at input 
power of 500 watts, which is 0.80mm less than the actual dimension (corresponding 
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to about 2.5% less in terms percentage overcut). This indicates that, with nitrogen 
assisting the cutting, quite a number of portions of the material can be saved and not 
wasted in cutting due to over-burning. Cutting with nitrogen may reduce material 
loss by up to 0.06mm (approximately 0.37% less in terms of percentage overcut) as 
compared to cutting with compressed air. Even though this value is small, it still 
shows significant material savings and the length is closer to the exact dimension of 
the design. This fact is also supported by the lowest value of the sideline length 
exhibited at the highest cutting speed of 1.2m1min and input power of 300 watts, 
which is 0.34mm less than that of the actual length of 30.0mm, or approximately 
1.13% less in terms of percentage overcut; whereas with compressed air, the values 
corresponding to the same power input and cutting speed, are, 0.35mm less in length 
and 1.17% less in terms of percentage overcut. 
It is clear that, the use of nitrogen as the assist gas in cutting may slightly reduce the 
effect of over-burning which in turn results in closer dimensional tolerance to those 
of the actual dimension and less waste of material. The cooling effect and inert 
environment offered by nitrogen during machining did contribute to this result. 
3.10.1.2b 
spp.) 
Circular Diameter and Percent of Overcut- Nyatoh (Palaquium 
For the cutting of the hollow feature of the workpiece, it is observed that the cut 
diameter is larger than that of the original dimension drawn in AutoCAD. When 
cutting with compressed air as the assist gas, from Figure 3-34, it is noticed that as 
the power increases, the overcut becomes worse and shows its highest values at all 
cutting speeds of O.2m1min, 0.5m1min, 0.8m1min and 1.2m1min for input power of 
500 watts. In terms of the percentage of overcut (Table A3.2.3), they represent the 
value of approximately 5.73%, 5.4%, 5.47% and 5.07% respectively for cutting 
speeds of 0.2m1min, O.5m1min, 0.8m1min and 1.2m1min for the corresponding 500 
watts. 
Conversely, the lowest values of overcut are presented when cutting at the highest 
speed of 1.2m1min, with input power of 300 watt indicating 1.28% more in terms of 
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percentage overcut (0.28mm larger than the actual dimension), followed by the 
cutting speed of 0.5m1min with 0.86mm overcut (corresponding for 5.73% larger in 
terms of percentage overcut) for the same power input. Both of these figures are 
larger than that of the same parameter setting when cutting with compressed air. The 
explanation behind this may be due to the wood's properties in terms of density, 
strength and moisture content. Plus it may exhibit instability upon reaction with 
nitrogen. It is believed that at lower cutting speeds, the material requires a large 
amount of accumulated heat in order to initiate cutting since it has the most strength 
.. 
and density among all other wood samples, causing it to bum more, resulting in more 
overcut. Plus, the heat itself is believed to be trapped in the wood structure and fails 
to dissipate rapidly since the wood is very dense (air-dry density of 400 to 
1075kg/m3) and contains a high amount of moisture (up to 79% moisture content, 
based on the weight of wood when dry), both of which contribute to this effect. In 
addition to the properties mentioned above, the heat input needed to initiate 
penetration will also be larger in order to facilitate the cutting process causing a 
higher degree of burning. 
At lower cutting speeds, the time of heat exposure is relatively higher than at the 
cutting speed of 0.8m1min and 1.2m1min which results in more overcut; but still, at 
laser power of 200 watts, lower overcuts are observed and their values are less than 
those of cutting with the same parameter with compressed air. Again, nitrogen shows 
significance in reducing overcut by providing better conditions for the cutting 
process. Combinations of high laser power and low feed may have the opposite 
result, in which the workpieces show higher degrees of bums and charring. 
3.10.1.2c Kerf Width- Nyatoh (Palaquium spp.) 
Analyzing Figure 3-36 (Table A3.2.S and A3.2.6), it can be said that the kerfwidths 
obtained from cutting of Nyatoh (Palaquium spp.) wood with compressed air as the 
assist gas are higher as compared to when cutting with nitrogen. The range of kerf 
width falls within the values of 0.450mm to 0.835mm for both compressed air and 
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nitrogen assisted cutting processes. Looking at this graph, there exists a clear 
comparison between both conditions in terms of the width of kerf producible. 
For cutting with compressed air as the assist gas, the widest kerf obtained is 
0.835mrn at the cutting speed of 0.2m!min and input power of 500 wattss; while the 
narrowest is 0.370mrn at the cutting speed of 0.8m!min for 200-watt laser power. 
Comparatively, when cutting with nitrogen, the widest kerf obtained is found to be at 
the cutting speed of 0.2m!min and laser power of 500 watts, reading 0.790mm which 
is 0.045mm less than that when cutting with compressed air with the same speed and 
power input. The narrowest kerf is 0.28mrn obtained at the cutting speed of 
1.2m1min with input power of300 watts. 
3.10.1.2d Material Removal Rate, MRR- Nyatoh (Palaquium spp.) 
Similarly to the material removal rate (MRR) obtained when cutting Meranti 
(Shorea spp.) wood as discussed previously; it is observed that the MRRs for 
compressed air-assisted cutting are higher as compared to when nitrogen is used in 
the cutting. Referring to Figure 3-37 (Table A3.2.7 and A3.2.8), it is certain this 
statement is true, in which the highest MRR reported for compressed air-assisted 
cutting is 6.48m3/min as compared to 6.36m3/min for nitrogen-assisted cutting for the 
same cutting speed of 1.2m1min and laser power of 500 watts. While, the lowest 
MRR are l.13m3/min and 1.26m3/min found at the lowest cutting speed ofO.2m1min 
with 100 watt laser power, for both compressed air and nitrogen-assisted cutting, 
respectively. 
Overall, the range of MRR for compressed air and nitrogen -assisted cutting is found 
to be within the maximum and minimum figures stated above, in which the higher 
MRR range is dominated by compressed air-assisted cutting. 
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3.10.1.3 Discussion for Kembang Semangkok (Scaphium spp.) 
3.10.1.3a Sideline Length and Percent of Overcut- Kemhang Semangkok 
(Scaphium spp.) 
Examining Figure 3-38 and Figure 3-39, a similar conditions to the sideline length 
obtained from the cutting of the previous wood samples. As the power increases, the 
sideline length decreases with the decreasing cutting speed. When considering 
compressed air as the assist gas, it seems that all workpieces are able to be cut at all 
power inputs for all cutting speeds, except for the l.2m/min cutting speed, only those 
of laser power greater than 300 watts can be cut successfully. 
Analyzing Table A3.3.1, with compressed air-assisted cutting, the closest length to 
the actual dimension is obtained at the cutting speed of 0.8m/min for input power of 
200 watt, which is 29.68mm (corresponding to about 1.07% less In terms of 
percentage overcut), while the farthest is 29.22mm (or 2.6% less in terms of 
percentage overcut) at the cutting speed of 0.2m/min with 500 watt input power. 
Comparatively, referring to Table A3.3.2 as nitrogen is used in assisting the cutting, 
the closest length is found to be 29.78mm or 0.73% less in terms of percentage 
overcut. This figure shows little increment in length producible as compared to 
cutting with compressed air. This proved that nitrogen may help in reducing the 
over-burning of the material, which in turns minimizes material wastage and overcut. 
Nevertheless, this fact again is supported by the similar result obtained as the longest 
length is found to be 29.26mm (0.04mm longer than that obtained when cutting with 
compressed air), corresponding to approximately 2.47% less in terms of percentage 
overcut. 
Generally, the range of overcut for sideline length when cutting with compressed air 
is found to faIl from 0.32mm to 0.78mm, while for nitrogen-assisted cutting it ranges 
from 0.22mm to 0.74mm. 
116 
Chapter 3: Analysis of Factors Affecting Laser Cut Wood 
3.10.1.3b Circular Diameter and Percent of Overcut- Kembang Semangkok 
(Scaphium spp.) 
Referring to Figure 3-44 (Table A3.3.3), it is observed that there is almost a linear 
correlation between the circular diameter obtained and the increasing laser power. 
Even though some fluctuations exist in the graph, generally, the relationship can be 
said to be linear as referring to the overall experimental data in Table A3.3.3. As the 
laser power increases, the obtained diameter also increases as the cutting speed 
decreased. The highest overcut is exhibited when cutting with a cutting speed of 
0.2m1min at 300 watts input power, reading 15.77mm or 5.13% more in terms of 
percentage overcut; while the lowest is 15.35mm or 2.33% more in terms of 
percentage overcut. 
Comparatively, looking at Figure 3-45 and analyzing data from Table A3.3.4, it is 
found that the highest overcut is exhibited when cutting at the same cutting speed 
and laser power as with compressed air-assisted cutting; which is 15.91mm, 
corresponding to about 6.07% more in terms of percentage overcut, while the lowest 
is recorded as 15.3lmm or approximately 2.07% more in terms of percentage 
overcut. 
The value for the highest overcut (for circular diameter) obtained when cutting with 
nitrogen seems to be inconsistent with the other wood samples discussed before; 
since the reading of overcut for compressed air-assisted cutting should be higher than 
that for nitrogen-assisted cutting. This difference may be due to the workpiece itself, 
as the selection of pieces to be cut from this wood was made up of different wood 
pieces of the same wood. This is becaus~ a single piece cannot accommodate all the 
workpieces that needed to be cut according to all the settings in the experiment, since 
it is only available in a narrower width as compared to all the other wood samples. 
As a result, only a single line of cuts was possible for a single wood piece and in 
order to accommodate a lot of workpieces, different pieces must be used. Of course, 
even if the pieces consist of the same wood, i.e. Kembang Semangkok (Scaphium 
spp.), their properties will be different in terms of grain distribution, differences in 
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density in certain areas within the same piece and different moisture content etc. This 
wiII cause variations in the cut characteristics and thus, in the produced dimensions. 
However, the smallest diameter obtained when cutting with nitrogen shows a 
consistency with all the other wood samples, in which the reading is lower than that 
obtained with compressed-air assisted cutting. The diameter obtained is 0.04mm or 
0.26% less in terms of overcut and percentage overcut, respectively. 
3.10.1.3c Kerf Width- Kembang Semangkok (Scaphium spp.) 
From Figure 3-46, it is clear that the kerf widths obtained when cutting with 
compressed air as the assist gas, are larger than those when cutting with nitrogen for 
the same speed and laser power. 
Analyzing Table A3.3.5 and Table A3.3.6, as the power increases, the kerf width 
becomes larger with the decrease in cutting speed. The range of kerf width obtained 
for compressed air-assisted cutting is within 0.48Smm to 0.73Smm, in which the 
widest kerf is exhibited when cutting with SOO watt laser power with 0.2m1min 
cutting speed, reading 0.73Smm. Whereas, when cutting with nitrogen, the range 
falls within 0.320mm to 0.68Smm, with the kerf reported reported as 0.68Smm, 
O.OSmm less as compared to when cutting with compressed air (Table A3.3.6). This 
is found to be at the cutting speed of 0.2m1min with input power of 400 watt. Once 
again, there is a reduction in material loss due to over burning and overcut as a result 
of using nitrogen as the assist gas. Nitrogen provides an inert environment plus 
offering cooler conditions for the cutting operation and limiting the heat localization 
in the cut zone (but sufficient enough to initiate and produce cuts). This results in 
narrower kerf widths being achieved. 
The narrowest width obtained when cutting with compressed air is found to be 
0.48Smm, O. I 6Smm more than that obtained when cutting with nitrogen as the assist 
gas. This is found at the cutting speed of 0.8m1min with 100 watts laser power for 
both compressed air and nitrogen assisted cutting processes. 
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Material Removal Rate, MRR- Kembang Semangkok (Scaphium 
Referring to Figure 3-47, it is found that the MRR for compressed air-assisted 
cutting is larger as compared to when nitrogen is used. These values represent the 
functions of material thickness, kerf width and cutting speed; so, as a result, the 
MRR for compressed air-assisted cutting will surely be greater than that of nitrogen-
assisted cutting. The MRR is found to be increasing with the increase in laser power 
and cutting speed. 
According to Table A3.3.5 aud Table A3.3.6, the highest MRR recorded for 
compressed air-assisted cutting is 6.96m3/min as compared to 6.30m3/min when 
cutting with nitrogen, for the same cutting speed of 1.2rn1min and input power of 400 
watts. The lowest MRR is 1.14ml/min and 1.07m3/min with cutting speed of 
O.2rn1min and laser power of 100 watts, for the compressed air and nitrogen-assisted 
cutting processes respectively. 
Of course, MRR is higher when cutting is facilitated by compressed air since it 
produces a larger kerf width as compared to when nitrogen is used in the cutting. 
This, however, does not mean that the cutting process is fully efficient, since, in 
terms of overcut and over-burning; it contributes to a larger amount of material loss 
as compared to nitrogen-assisted cutting. An advantage of this is the reduction in the 
material's processing time, but the surface finish and, more importantly, the final 
dimensions desired for the finished product will be sacrificed. 
3.10.1.4 
3.10.1.4a 
Discussion for Plywood 
Sideline Length and Percent of Overcut- Plywood 
From Figure 3-48 (Table A3.4.1), it is found that workpieces can only be cut at the 
cutting speeds of 0.2rn1min, O.5rn1min and 0.8rn1min. Only the low cutting speeds of 
0.2rn1min and 0.5 rnImin exhibit successful cutting in all workpieces, for all laser 
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powers of 100 watts, 200 watts, 300 watts, 400 watts and 500 watts. For a cutting 
speed ofO.Srn/min, only input powers of300 watts and above show successful cuts. 
Referring to same graph, it is found that at the lower laser powers of 100 watts and 
200 watts, and at the cutting speeds of O.Srn/min and 1.2rn/min, there is no cut that 
can be made. This indicates that Plywood has a great resistance to low intensity laser 
beams, which prevents the initiation of the cut and the full through cutting of this 
wood. While, referring to Figure 3-49 (Table A3.4.2), the same trend is observed 
when cutting with nitrogen, but the difference is that no cut is possible at the lower 
cutting speed of O.Srn/min for the same laser power of 100 watt as compared to 
cutting with compressed air. 
From Figure 3-48 (Table A3.4.1), it seems that as the laser power increases, the 
sideline length produced becomes shorter than the actual dimension drawn in 
AutoCAD. The same trend is also evident when cutting with nitrogen as the assist 
gas, see Figure 3-49 (Table A3.4.2). The closest length to the actual dimension for 
compressed air-assisted cutting is found to be 29.4lmm (0.S9mrn or approximately 
1.97% less in terms of overcut and percentage overcut, respectively) at the cutting 
speed of O.Srn/min with 200 watts laser power, while for nitrogen-assisted cutting, it 
reads 29.40mm (0.60mm or approximately 2% less in terms of overcut and 
percentage overcut, respectively). This reading is recorded at the cutting speed of 
O.Srn/min with 400 watts input power. 
In contrast, the shortest lengths produced, as compared to the actual length of 
30.0mm, are found to be 29.19mrn when cutting with compressed air and 29.03mm 
when cutting with nitrogen. Both of these values are recorded when cutting at the 
same cutting speed of 0.2rn/min and with the same input power of 500 watts. These 
readings correspond to approximately 2.63% and 3.23% less in terms of percentage 
overcut, respectively for compressed air and nitrogen-assisted cutting. 
Examining these data, on which the lengths and overcuts produced when cutting with 
nitrogen as the assist gas, are larger than when cutting with compressed air, it is 
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assumed that the wood is experiencing a chemical reaction while cutting with 
nitrogen. The overcuts may due to a chemical reaction between nitrogen and binding 
agents in the Plywood, which results in a higher degree of burning and vaporization. 
Since there is no clear factual support for this, there may be other explanations for 
this phenomenon to occur than the one given here. Plywood is different from any 
other of the "plain" wood samples worked in this study since it consists of multiple 
layers of different kinds of wood, adhered together with binding agents. Therefore, 
the conditions involved when this wood is cut with a laser beam are dissimilar to 
those for the other three samples. 
3.10.1.4b Circular Diameter and Percent of Overcut- Plywood 
Similarly, when cutting the hollow feature in the workpiece, the produced cuts 
exhibit larger diameter holes as compared to the actual diameter drawn in AutoCAD. 
Referring to Figure 3-52 (Table A3.4.3) and Figure 3-53 (Table A3.4.4), a very 
similar relationship between laser power and circular diameter is obtained when 
cutting Meranti (Shorea spp.), Nyatoh (Palaquium spp.) and Kembang Semangkok 
(Scaphium spp.) woods. Here, the obtained circular diameter for nitrogen-assisted 
cutting is smaller than that obtained when cutting with compressed air. Generally, the 
readings for nitrogen-assisted cutting fall below the 15.8mm line as compared to 
compressed air-assisted cutting, which are above that figure. 
The highest overcut observed is 0.83mm larger than the actual diameter, 
corresponding to 5.53% more in terms of percentage overcut when cutting with 
nitrogen and 0.91mm larger or approximately 6.07% more in terms of overcut and 
percentage overcut, respectively, when cutting with compressed air. While the 
smallest diameter achievable is 15.39mm (2.6% more in terms percentage of overcut) 
when cutting with nitrogen at the cutting speed of 0.8m1min with 400 watts laser 
power; the value for compressed air-assisted cutting, is found to be 15.59mm, or 
0.20mm larger than that obtained with nitrogen-assisted cutting. This reading 
corresponds to 3.93% in terms of percentage overcut, and is found at the cutting 
speed of 0.2m1min with 100 watts laser power. 
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Again, nitrogen has shown its significance in producing cuts with closer tolerance to 
the actual dimension desired for a particular feature of the workpiece. 
3.10.1.4c KerfWidth- Plywood 
From Figure 3-56, it is observed that, in general, the kerf widths are found to be 
above 0.60mm. This covers both conditions when cutting with compressed air and 
nitrogen as the assist gas. 
As the power increases, the kerf becomes wider and the highest of this portion is 
found to be at the lower cutting speeds of 0.2m!min and 0.5m!min at all laser powers 
of 100 watts, 200 watts, 300 watts,400 watts and 500 watts. The highest cutting 
speed achieved in this experiment is only 0.8m!min, beyond which no full through 
cut is possible. The widest kerfs are shown at the cutting speed of 0.8m!min with 500 
watts laser power for compressed air-assisted cutting and at the cutting speed of 
0.2m!min with the same laser power; reading 0.80mm and 0.835mm, respectively. 
The narrowest kerf obtained for compressed air-assisted cutting is at the cutting 
speed ofO.5m!min and input power of 100 watts, which is 0.585mm; whereas for the 
nitrogen-assisted cutting, it is 0.545mm, at the cutting speed of 0.5m!min and laser 
power of 200 watts. All of these figures refer to the experimental data in Table 
A3.4.5 and Table A3.4.6. 
Once more, overall, it is found that wider kerfs are found in the compressed air 
assisted cutting operation, dominating the widths obtained when cutting with 
nitrogen as the assist gas. 
3.10.1.4d Material Removal Rate, MRR- Plywood 
As a function of kerf width, cutting speed and material thickness, it can be said that 
the material removal rate, MRR obtained when cutting with compressed air as the 
assist gas, is higher than that obtained when cutting with nitrogen. This is because, in 
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general, the data recorded for kerf widths for compressed air-assisted cutting are 
comparatively higher than ones when cutting with nitrogen. 
Referring to Figure 3-57 and analyzing data from Table A3.4.7 and Table A3.4.8, it 
is found that the highest MRR recorded when cutting with compressed air is 
approximately 6.07m3/min, obtained at the cutting speed of 0.2rn1min with 500 watt 
laser power, while for nitrogen assisted-cutting, the MRR is 5.53m3/min, also 
obtained at the same cutting speed and same power input. The lowest of these are 
3.93m3/min and 2.60m3/min, obtained at the cutting speed ofO.2rn1min with 100 watt 
laser power and at 0.8rn1min with 400 watt laser power, respectively for both 
compressed air and nitrogen-assisted cutting. 
3.10.2 General Discussions 
In this section, the discussion will emphasis on some of the already discussed matters 
regarding laser cutting of various types of Malaysian timbers as previously detailed 
in Section 3.10 of this chapter. The information are gathered and summarized in the 
form of tables governing all the wood samples worked in the study. 
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Table 3-6: General Discussions for Meranti (Shorea spp.) 
Density 
% Moisture 
Content 
. Meranti (Shorea spp.) 
Wood Property and its Effects upon Laser Cutting 
With the air-dry density value of 385-755 kg/m3, it is found that 
this wood experienced some resistance when cut by the C02 
laser. With a moderate level of density, lower cutting speeds and 
considerably low to medium laser powers are required to untie 
the fibre-bonds in the wood structure in order to enable 
successful cutting. Overall, it is found that the minimum 
requirement for cutting speed and laser power when cutting with 
compressed air as the assist gas are 0.2-0.5m1min and 100 watts, 
respectively; while with nitrogen-assisted cutting they are, 
0.2m1min and 100 watts. Furthermore, this density can' be 
affected by the moisture content of the material. 
Moisture contents in the wood are divided into two, which are 
green and air-dry moisture content. For Meranti wood, their 
values are: 
- Green: 47 - 102 % 
- Air-Dry: 14.2 - 19.7 % 
Percentage of moisture content in wood is based on the weight 
of the wood when dry. 
With the highest moisture content as compared to ail other wood 
samples, it is observed that this wood suffers a great deal of 
burning and charring upon laser cutting. Since water is highly 
absorptive to CO2 laser radiation, high water content decreases 
the cutting efficiency and causing serious burning on the cut 
surface as exhibited by most of the cut workpieces. 
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Experiment Results 
The sideline length obtained in the experiment reduces with the 
increase in laser power. It is found that the obtained length is 
less than that of the actual dimension drawn in AutoCAD. For 
compressed air-assisted cutting, the closest achievable length is 
29.70mm (1.0% less in terms of percentage overcut) as 
compared to 30.0mm of the original length in the design. This is 
recorded at the cutting speed of 0.5m1min for input power of 100 
watts, while the largest difference is 29.23mm (approximately 
2.57% less in terms of percentage overcut), observed at the 
cutting speed of 0.2m1min for 500 watts laser power. 
When nitrogen is assisting the cutting process, the closest 
achievable length is 29.62mm (approximately 1.2% less in terms 
of percentage overcut) at the cutting speed of 0.8m1min for 
300watt laser power; while the largest difference is 29.22mm 
(2.6% less in terms of percentage overcut), recorded at the 
cutting speed of 0.2m1min with input power of 500 watts. 
The circular diameter obtained in this experiment increases with 
the increasing laser power and decreasing cutting speed. This is 
due to the longer rate of heat exposure in the cut zone, especially 
at low cutting speeds, plus longer time for it to be dissipated; 
causing more portions of the material to vaporize and burn 
which results in larger diameter holes. 
With compressed air-assisted cutting, the largest diameter 
recorded is 15.98mm (6.53% more in terms of percentage 
overcut) at the cutting speed of 0.2m1min with 500watt laser 
power. The smallest is 15.54mm (3.6% more in terms of 
percentage overcut) recorded at the cutting speed of 0.2m1min 
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with 100watt laser power. 
When cutting with nitrogen, the largest diameter is 15.92mm 
(6.13% more in terms of overcut) at the cutting speed of 
0.2m1min with 500 watts input' power; whereas the smallest is 
15,47mm (3.13% more in terms of percentage overcut) recorded 
when cutting with 400 watts laser power at the cutting speed of 
0.8m1min. 
These differences show the ability of nitrogen to compensate for 
the heat input during cutting, thus limiting overcuts and waste of 
material. 
Generally, it is found that the kerf width obtained when cutting 
with compressed air is larger than cutting with nitrogen as the 
assist gas. This again, is a result of using nitrogen to offer a 
cooler, inert environment throughout the cutting operation, thus 
producing an acceptably narrow cut kerf. 
The widest kerf obtained when cutting with compressed air is 
0.70mm while with nitrogen it is 0.855mm. These figures 
however do not represent the overall findings in the experiment 
since they only corresponded to a cutting operation at 0.2m1min 
cutting speed and 500 watts laser power. 
A more reliable fact, as stated before, is that the narrowest kerfs 
obtained, 0,49mm and 0,485mm, for compressed air and 
nitrogen-assisted cutting respectively; were recorded at the same 
cutting speed of 0.5m1min with 200 watts input power. 
As a function of material thickness, cutting speed and kerf 
width, it is found that the material removal rate, MRR for cutting 
with compressed air as the assist gas is relatively higher than 
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when cutting with nitrogen. 
The maximum and minimum MRR for cutting with compressed 
air are 6.72m3/min and 1.14m3/min, respectively. As for 
nitrogen-assisted cutting, the maximum MRR is 5.10m3/min 
while the minimum is 1.1 Om3/min. 
Higher MRR means faster processing time, but does not always 
mean that the process is totally efficient and versatile. To be 
efficient, it has to consider all the cutting characteristics based 
on priority; those that are vital to the final product and those that 
are not. This decision has to be made depending on the actual 
function of the final part produced. 
Examining the workpieces produced in the experiment, it is 
found that, when cutting with compressed air as the assist gas, 
the workpieces suffer the heaviest bum leaving black dust (char) 
on the cut surface. Prior to this, it was observed that the bottom 
section of the cut suffers a greater degree of burn with wavy 
patterns as compared to the upper section of the cut. This is more 
obvious when the cut is made perpendicular to the grain 
Striation distribution as compared to when the cut is made parallel to the 
Patterns and grain. Plus, striations patterns are also visible to the naked eye, 
Burning especially on the same surface stated before. On some 
Characteristics workpieces, the burn is even exhibited in cuts that are parallel to 
the direction to the grain. 
For the circular cut feature, the same problem of over-burning 
and heavy char left on the cut surface is also seen. This is more 
so at high laser power with low cutting speed. Towards the 
bottom section of the cut, the burns worsen, causing a lot of 
material loss at the lowest section of the workpiece. Even at the 
lowest laser power with high cutting speed, the result is still the 
same. Similarly, as nitrogen is introduced to the cutting process, 
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the same characteristics of over-burning and char are obtained 
throughout the worked material. 
The reason for the burning being more serious in the middle and 
at the bottom of workpiece is due to the fact that in these 
sections of the workpiece, the heat is found to be trapped and 
unable to be dissipated rapidly as compared to at the top surface 
of the workpiece. This explanation answers the question of why 
burning perpendicular to the grain is more serious than parallel 
to grain distribution. The heat dissipation rate is found to be 
lower perpendicular to grain distribution as compared to the 
parallel direction, causing much more sideways burning that 
spreads into the workpiece. Plus, in the workpiece, any moisture 
content would increase the effort needed to initiate cutting as the 
laser beam will first react to vaporize the moisture before 
successfully producing a cut; causing a lot more heat localization 
for a certain period of time resulting in heavier burns and more 
charring. 
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Table 3-7: General Discussions for Nyatoh (Palaquium spp.) 
Density 
Nyatoh (Palaquium spp.) 
.. . .. 
Wood Property and its Effects upon Laser Cutting 
With the air-dry density value of 400 - 1,075 kg/m3, it is found 
that this wood experienced some resistance when cut by the CO2 
laser. With the highest density of all the samples, lower cutting 
speeds and considerably low to medium laser powers are 
required to produce full through cuts. It is found that the 
minimum requirement for cutting speed and laser power, when 
cutting either with compressed air or nitrogen as the assist gas, is 
O.5m1min and 100 watts. The cutting speed is slightly higher 
than that needed for the cutting of Meranti. Since Nyatoh wood 
has a relatively lower moisture content as compared to Meranti 
wood, therefore it has an advantage of O.3m1min less in terms of 
processing time for the same laser power of 100 watts. Note that, 
moisture content affects the density and thermal conductivity of 
the material. 
As mentioned above, lower moisture content will ease cutting as 
it reduces the density of the material, enabling easier cuts to be 
made into the work material. With green moisture content of 52 
- 79 % and air-dry moisture content of 16.5 - 17.5 %, Nyatoh 
% Moisture wood exhibits a similar cutting ability to that shown by Meranti 
Content wood. With moderate moisture content as compared to all other 
wood samples, it is observed that this wood suffers some degree 
of burns and charring upon laser cutting. However, the burns and 
charring are not too severe and the produced cuts are acceptably 
good. 
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Experiment Results 
The sideline length obtained in the experiment reduces with the 
increase in laser power. It is found that the obtained length is 
less than that of the actual dimension drawn in AutoCAD. For 
compressed air-assisted cutting, the closest achievable length is 
29.65mm (approximately 1.17% less in terms of percentage 
overcut) as compared to the 30.0mm length in the design. This is 
recorded at the cutting speed of 1.2m1min for input power of 300 
watts, while the largest difference is 29.14mm (approximately 
2.87% less in terms of percentage overcut), observed at the 
cutting speed of 0.2m1min for 500 watts laser power. 
When nitrogen is assisting the cutting process, the closest 
achievable length is 29.66mm (approximately 1.13% less in 
terms of percentage overcut) at the cutting speed of 1.2m1min for 
300 watts laser power, while the farthest is 29.20mm (2.5% less 
in terms of percentage overcut), recorded at the cutting speed of 
0.2m1min with input power of 500 watts. 
Comparing the highest portion of material loss between cutting 
with compressed air and nitrogen, it is found that when nitrogen 
is assisting the process, material savings up to 0.06mm or 
approximately 0.37% are achievable. 
With compressed air-assisted cutting, the largest diameter 
obtained is 15.86mm (5.73% more in terms of percentage 
overcut) at the cutting speed of O.2m1min with 500 watts laser 
power. The smallest is 15.28mm (1.87% more in terms of 
percentage overcut) recorded at the cutting speed of 1.2m1min 
with 300 watts laser power. 
When cutting with nitrogen, the largest diameter is 16.02mm 
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(6.8% more in terms of over cut) at the cutting speed ofO.2m1min 
with 500 watts input power, whereas the smallest is 15.50mm 
(3.33% more in terms of percentage overcut) recorded when 
cutting with 200 watts laser power at the cutting speed of 
0.5m1min. 
Generally, it is found that the kerf width obtained when cutting 
with compressed air is larger than that when cutting with 
nitrogen as the assist gas. For cutting with compressed air as the 
assist gas, the widest kerf obtained is 0.835mm at the cutting 
speed of 0.2m1min and input power of 500 watts; while the 
narrowest is 0.370mm at the cutting speed of 0.8m1min for 200 
watts laser power. Comparatively, when cutting with nitrogen, 
the widest kerf obtained is found to be at the cutting speed of 
0.2m1min and laser power of 500 watts, reading 0.790mm, 
0.045mm less than that when cutting with compressed air with 
the same speed and power input. The narrowest kerfis 0.280mm 
obtained at the cutting speed of 1.2m1min with input power of 
300 watts. 
This again, is a result of using nitrogen to offer a cooler, inert 
environment throughout the cutting operation, thus producing an 
acceptably narrower cut kerf. 
As a function of material thickness, cutting speed and kerf 
width, it is found that the MRR for cutting with compressed air 
as the assist gas is relatively higher than that when cutting with 
nitrogen. 
The highest MRR reported for compressed air-assisted cutting is 
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6.48m'/min as compared to 6.36m'/min for nitrogen-assisted 
cutting for the same cutting speed of 1.2rn1min and laser power 
of 500 watts. While, the lowest MRR are 1.13m3/min and 
1.26m3/min found at the lowest cutting speed of 0.2rn1min with 
100 watts laser power, for compressed air and nitrogen-assisted 
cutting respectively. 
Examining the workpieces produced when cutting this wood 
sample with compressed air as the assist gas, it is observed that 
there are almost invisible striation patterns found on the cut 
surface. There is however, a clear difference in charring and 
burning between the upper and lower section of the cut. It is 
found that the bum and char left on the cut surface is much more 
severe at the lower section and becomes worse as the input 
power is increased and the cutting speed is reduced. 
At high power and low cutting speed, the cut surface, either 
parallel or perpendicular to the grain alignment; experienced 
high degrees of bum, which result in the cut being wavy and not 
smooth. Again, this effect is seen at the bottom section of the 
workpiece. Conversely, with high power input and high cutting 
speed, the result is opposite. The produced cut surface is 
acceptably smooth and just covered with a fine layer of carbon 
char, especially parallel to the grain. 
The hollow feature of the workpiece also exhibited a larger 
diameter on top of the cut surface due to the laser beam 
impinging on it in order to initiate cutting. Towards the bottom 
section, the burns worsen, similar to those found when cutting 
the straight-line feature. It is also noticed that thicker char is 
found in the direction perpendicular to the grain, which 
experienced a higher degree of burns sideways into the grains or 
workpiece. In some workpieces, it was hard to remove this black 
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dust, while others were found to be clean with minimal charring 
on their surface. This result is found to be the same when cutting 
with nitrogen as the assist gas." 
The reason for the burning being more serious in the middle and 
at the bottom of workpiece is due to the fact that in these 
sections of the workpiece, the heat is found to be trapped and 
unable to be dissipated rapidly as compared to the top surface of 
the workpiece. Plus, in the workpiece, any moisture content 
would increase the effort needed to initiate cutting as the laser 
beam will first react to vaporize the moisture before successfully 
producing a cut, causing a lot more heat localization for a certain 
period oftime resulting in heavier burns and more charring. 
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Table 3-8: General Discussions for Kembang Semangkok (Scaphium spp.) 
Density 
% Moisture 
Content 
Kembang Semangkok (Scaphium spp.) . 
Wood Property and its effects upon Laser Cutting 
With the lowest air-dry density value of 515 - 755 kg/m3, it is 
found that this wood is the most suitable to be cut by the CO2 
laser. With the lowest level of density of all the other samples, it 
can achieve the highest cutting speed of a.8m/min at all laser 
power inputs to produce full through cutting. This setting covers 
both cutting conditions, either assisted by compressed air or 
nitrogen. The cutting speed is comparatively higher than that 
needed for cutting of Meranti and Nyatoh wood as discussed 
previously. Since Kembang Semangkok wood has the lowest 
moisture content as compared to the other wood samples, 
therefore it has an advantage in terms of ease of cutting, higher 
processing time, less deterioration in the cut surface, acceptably 
good dimensions etc. 
As mentioned above, the lowest moisture content will ease 
cutting as it reduces the density of the material, enabling an 
easier cut to be made onto the work material. Plus, with low 
water content, less energy absorption will take place, resulting in 
a more efficient cutting process. With green moisture content of 
73% and air-dry moisture content of 16.8%, Kembang 
Semangkok wood exhibits different cutting characteristics to all 
the other wood samples worked in this study. It is observed that 
this wood suffers little burning and charring upon laser cutting. 
The bums and charring are found to be loosely attached to the 
cut surface and only consist of a fine layer of carbon dust, which 
may be removed easily. The produced cuts are acceptably good, 
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both in surface finish and overall shape. 
Experiment Results 
The sideline length obtained in the experiment reduces with the 
increase in laser power. It is found that the obtained length is 
less than that of the actual dimension drawn in AutoCAD. For 
compressed air-assisted cutting, the closest achievable length is 
29.68mm (1.07% less in terms of percentage overcut) as 
compared to 30.0mm of the original length in the design. This is 
recorded at the cutting speed of 0.8m/min for an input power of 
200 watts. The largest difference is 29.22mm (approximately 
2.6% less in terms of percentage overcut), observed at the 
cutting speed of 0.2m/min for 500 watts laser power. 
When nitrogen is assisting the cutting process, the closest 
achievable length is 29.78mm (approximately 0.73% less in 
terms of percentage overcut) at the cutting speed of 0.8m/min for 
100 watts laser power; while the largest difference is 29.26mm 
(2.47% less in terms of percentage overcut), recorded twice at 
the same cutting speeds of 0.5m/min with input powers of 400 
and 500 watts. 
The circular diameter obtained in this experiment increases with 
the increasing laser power and decreasing cutting speed. 
With compressed air-assisted cutting, the largest diameter 
Circular obtained is 15. 77mm (5.13 % more in terms of percentage 
Diameter and overcut) at the cutting speed of 0.2m/min with 300 watts laser 
Overcut power. The smallest is 15.35mm (2.33% more in terms of 
percentage overcut) recorded at the cutting speed of 0.8m/min 
with 200 watts laser power. 
When cutting with nitrogen, the largest diameter is 15.91mm 
(approximately 6.07% more in terms of overcut) at the cutting 
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speed of 0.2m1min with 300 watts input power; whereas the 
smallest is 15.3lmm (2.07% more in terms of percentage 
overcut) recorded when cutting with 200 watts laser power at the 
cutting speed of 1.2m1min. 
Generally, it is found that the kerf width obtained when cutting 
with compressed air is larger than that when cutting with 
nitrogen as the assist gas. For cutting with compressed air as the 
assist gas, the widest kerf obtained is 0.73 5mm at the cutting 
speed 0.2m1min and input power of 500 watts; while the 
narrowest is 0.485mm at the cutting speed of 0.8m1min for 100 
watts laser power. Comparatively, when cutting with nitrogen, 
the widest kerf obtained is found to be at the cutting speed of 
0.2m1min and laser power of 400 watts, reading 0.685mm, 
0.05mm less than that of when cutting with compressed air. The 
narrowest kerf is 0.320mm obtained at the cutting speed of 
0.8m1min with input power of 100 watts. 
This again, is a result of using nitrogen to offer a cooler, inert 
environment throughout the cutting operation, thus producing an 
acceptably narrower cut kerf. 
As a function of material thickness, cutting speed and kerf 
width, it is found that the MRR for cutting with compressed air 
Material as the assist gas is relatively higher than that when cutting with 
Removal Rate, nitrogen. 
MRR The maximum and minimum MRR for cutting with compressed 
air are 6.48m3/min and 1.13m3/min, respectively. As for 
nitrogen-assisted cutting, the maximum MRR is 6.36m3/min 
while the minimum is 1.26m3/min. 
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A higher material removal rate means faster processing time, but 
does not always mean that the process is fully efficient and 
versatile. To be efficient, all cutting characteristics have to be 
considered based on a priority such as which is vital to the final 
product and which is not. This consideration has to be made 
depending on the actual function of the final part produced. 
Examining the workpieces obtained in the experiment, it is 
found that the wood can be cut to produce a smooth cut surface 
with the least char left on it as compared to all other wood 
samples. Striation patterns are almost invisible and cannot be 
seen directly with the naked eye. This shows that the cut surface 
is good, especially at high cutting speeds and lower laser 
powers. 
Generally, two different layers are evident on the cut surface, 
which are brighter on top and darker at the bottom. It is noticed 
that the wood sample does not burn too much even 
Burning 
perpendicular to the grain, giving no wavy surface due to less 
Characteristics 
burning being obtained even at lower cutting speeds. Also, the 
taper cut does not become too slender towards the centre, 
resulting in an acceptably straight cut for most of the workpieces 
produced. 
When cutting with nitrogen, the results are almost as the same as 
with compressed air. The slight differences are; the workpieces 
produced have a better surface finish and more cuts are evidently 
cleaner and have a brighter surface in some of the workpieces. 
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Table 3-9: General Discussions for Plywood 
Plywood 
Wood Property and its effects upon Laser Cutting 
Plywood is made up from different types of wood, usually consisting of wood 
particles, which are compressed at high pressure to form a single large piece of 
wood, which is then layered and adhered together with binders. Urea or phenolic 
binders may be used to adhere these wood layers, which may affect the cutting 
speeds of the plywood. Materials with a urea binder can be cut up to three times 
faster than materials with a phenolic binder. 
Plywood of any type is far more homogeneous than wood in its natural condition, 
and cutting speeds and quality can more easily be relied upon, providing the 
material is stored correctly. Otherwise, if it is stored in damp conditions, it will 
absorb atmospheric moisture, which in turn will reduce the cutting speeds. 
As plywood is cut by the CO2 laser, a thin layer of char will be left along the kerf 
wall and this will affect the final appearance of the cut surface since it blackens the 
surface with carbon dust. 
Sideline 
Length and 
Overcut 
Experiment Results 
The sideline length obtained in the experiment reduces with the 
increase in laser power. It is found that the obtained length is 
less than that of the actual dimension drawn in AutoCAD. For 
compressed air-assisted cutting, the closest achievable length is 
29.4lmm (approximately 1.97% less in terms of percentage 
overcut) as compared to 30.0mm of the original length in the 
design. This is recorded at the cutting speed of O.5m1min for an 
input power of 200 watts, while the largest difference is 
29.19mrn (approximately 2.63% less in terms of percentage 
overcut), observed at the cutting speed of 0.2m1min for 500 
watts laser power. 
When nitrogen is assisting the cutting process, the closest 
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achievable length is 29.40mm (approximately 2% less in terms 
of percentage overcut) at the cutting speed of 0.8m/min for 400 
watts laser power; while the farthest is 29.03mm (3.23% less in 
terms of percentage overcut), recorded at the cutting speed of 
0.2m1min with an input power of 500 watts. 
The circular diameter obtained in this experiment increases with 
the increasing laser power and decreasing cutting speed. 
With compressed air-assisted cutting, the largest diameter 
obtained is 15.91mm (approximately 6.07% more in terms of 
percentage overcut) at the cutting speed of 0.2m1min with 300 
watts laser power. The smallest is 15.59mm (3.93% more in 
terms of percentage overcut) recorded at the cutting speed of 
0.2m1min with 100 watts laser power. 
When cutting with nitrogen, the largest diameter is 15.83mm 
(5.53% more in terms of overcut) at the cutting speed of 
0.2m1min with 300 watts input power; whereas the smallest is 
15.39mm (2.6% more in terms of percentage overcut) recorded 
when cutting with 400 watts laser power at the cutting speed of 
0.8m1min. 
Generally, it is found that the kerf width obtained when cutting 
with compressed air is larger than that for cutting with nitrogen 
as the assist gas. When compressed air is used as the assist gas, 
the widest kerf obtained is 0.80mm at the cutting speed of 
0.8m1min and input power of 500 watts, while the narrowest is 
0.585mm at the cutting speed of 0.5m1min for lOO watts laser 
power. Comparatively, when cutting with nitrogen, the widest 
kerf obtained is found to be at the cutting speed of O.2m1min and 
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laser power of SOD watts, reading 0.S3Smm. The narrowest kerf 
is 0.S4Smm obtained at the cutting speed of O.Srn/min with input 
power of200 watts. 
This again, is a result of using nitrogen to offer a cooler, inert 
environment throughout the cutting operation, thus producing a 
relatively narrower cut kerf. 
It is found that the MRR for cutting with compressed air as the 
assist gas is relatively higher than when cutting with nitrogen. 
The maximum and minimum MRR for cutting with compressed 
Material air are 6.07m3/min and 3.93m3/min, respectively. As for 
Removal Rate, nitrogen-assisted cutting, the maximum MRR is S.S3m3/min 
MRR while the minimum is 2.60m3/min. 
Striation 
Patterns and 
Burning 
Characteristics 
Overall, it is found that the MRR for compressed air-assisted 
cutting is higher than that obtained when cutting with nitrogen as 
the assist gas. 
Examining the workpieces produced in the cutting of this wood 
sample with compressed air as the assist gas, it is quite hard to 
see the striation patterns when cutting parallel to the grain, as 
compared to when cutting perpendicular to the grain alignment. 
The cut surface is found to be acceptable in finish but covered 
with a heavy, thick layer of black char. This effect is worse at 
low cutting speeds and high input power. 
It is noticed that the middle layer of the wood experienced 
heavier buming, especially when the cut is made perpendicular 
to the grain. This effect is evident when cutting the sideline 
feature of the workpiece. Taper cuts are found to become more 
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slender towards the centre and the bottom of the workpiece. 
When cutting the hollow feature, it is observed that a nice cut 
can be made, but the diameter is found to be larger at the top 
surface due to the impinging of the laser beam at the initial stage 
in order to initiate cutting. 
When cutting with nitrogen, similar effects are found, but in 
some cases the char is found intact on the cut surface. Some 
workpieces were also found to suffer even more serious burns in 
the centre, even when the cut is made parallel to the grain. A 
similar result is found with both compressed air and nitrogen-
assisted cutting, with black carbon char produced in all 
workpieces. This high degree of black carbon char is due to 
wood particles that are burnt during cutting. Since plywood, 
actually consists of compounded wood particles packed together 
under high pressure and adhered together layer by layer; this 
heavy charring might be expected. 
The reason for the burning to be more serious in the middle and 
at the bottom of the workpiece is due to the fact that in these 
sections, the heat is found to be trapped and unable to be 
dissipated rapidly as compared to the top surface of the 
workpiece. Plus, in the workpiece, any moisture content would 
increase the effort needed to initiate cutting as the laser beam 
will first react to vaporize the moisture before successfully 
producing a cut, causing a lot more heat localization for a certain 
period of time resulting in heavier bums and more charring. 
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Table 3-10: Conclusive Table for Laser Cutting of Wood 
Wood 
Plywood Meranti (Shorea spp.) Nyatoh (Palaquium spp.) Kembang Semangkok 
(Scapllium spp.) 
Air-Dry Density: Air-Dry Density: Air-Dry Density: 
385 - 755 kg/m' 400 - 1,075 kg/m' 515 - 755 kg/m' 
Moisture Content" Moisture Content" Moisture Content" 
- Green: 47 - 102 % - Green: 52 - 79 % - Green: 73 % 
- Air-Dry: 14.2-19.7 % - Air-Dry: 16.5 - 17.5 % - Air-Dry: 16.8 % 
Properties N.A. 
Shear Strength: Shear Strength: Shear Strength: 
6.30 - 11.00 N/mm' 11.0 - 11.9 N/mm' 9.10-10.ION/mm' 
"based on weight of "based on weight of "based on weight of 
wood when dry wood when dry wood when dry 
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Experimental Resnlt 
Assist Gas Comp.Air Nitrogen Comp.Air Nitrogen Comp.Air Nitrogen Comp.Air Nitrogen 
Max 500 500 500 500 500 500 500 500 
Laser Power 
(watt) Min. 100 100 100 100 lOO 100 100 100 
Wood 
Plywood Meranti (Shorea spp.) Nyatoh (Palaquium spp.) Kembang Semangkok 
(Scaphium spp.) 
Assist Gas Comp.Air Nitrogen Camp. Air Nitrogen Comp.Air Nitrogen Comp.Air Nitrogen 
Cutting Max 0.8 0.8 1.2 1.2 1.2 1.2 1.2 1.2 
Speed 
(m/min) Min. 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
Sideline 29.41 29.40 29.70 29.62 29.65 29.66 29.68 29.78 
Max 
Length [-1.97%] [-2%] [-1.0%] [-1.2%] [-1.17%] [-1.13%] [-1.07%] [-0.73%] 
(mm) 29.19 29.03 29.23 29.22 29.14 29.20 29.22 29.26 
Min. 
[%overcut] [-2.63] [-3.23%] [-2.57%] [-2.6%] [-2.87%] [-2.5%] [-2.6%] [-2.47%] 
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Circular 15.91 15.83 15.98 15.92 15.86 16.02 15.77 15.91 
Diameter Max [6.07%] [5.53%] [6.53%] [6.13%] [5.73%] [6.8%] [5.13%] [6.07%] 
(mm) 
[%overcut] 15.59 15.39 15.54 15.47 15.28 15.50 15.35 15.31 Min. 
[3.93%] [2.6%] [3.6%] [3.13%] [1.87%] [3.33%] [2.33%] [2.07%] 
KerfWidth Max 0.805 0.835 0.770 0.855 0.835 0.790 0.735 0.685 
(mm) 
Min. 0.585 0.545 0.350 0.385 0.370 0.280 0.485 0.320 
Wood 
Plywood Meranti (Shorea spp.) Nyatoh (Palaquium spp.) Kembang Semangkok 
(Scaphium spp.) 
Assist Gas Comp. Air Nitrogen Comp. Air Nitrogen Comp. Air Nitrogen Comp. Air Nitrogen 
Material Max 6.40 5.20 6.72 5.10 6.48 6.36 6.96 6.30 
Removal 
Rate,MRR 
(m'/min) Min. 1.22 1.12 1.14 1.11 1.13 1.26 1.14 1.07 
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Suitability for Laser Processing 
Plywood Meranti (Shorea spp.) Nyatoh (Palaquium spp.) Kembang Semangkok 
(Scaphium spp.) 
Laser cutting of Plywood shows Meranti, which has a moderate With the readings obtained in This wood is found to be ideal 
a strong dependence on the level of density and strength, the above tables, it is found that to be cut by laser, since the 
types of woods used to form it exhibits worse effects in terms Nyatoh wood exhibits a low to results shown in the above table 
and more importantly, the of surface finish, dimensional moderate suitability when indicate the lowest portion of 
binding agents used in the accuracy and material loss. This processed by laser. material loss, with cut features 
material. is due to the substantially high which are the closest to the 
thermal input that is exerted I Although similar results to actual dimensions the least , 
Plywood of any type is far more into the material to initiate Meranti and Kembang overcuts, smaller kerf widths, 
homogeneous than wood in its successful cuts. Higher density Semangkok woods were, the thinnest layer of carbon 
natural condition, and cutting requires more effort (more 
speeds and quality can more power, and thus heat) by the 
obtained when cutting, the first 'd d the I t d reSl ue an owes egree 
statement is believed to be 
easily be relied upon, providing laser to produce the cut by acceptably right. 
the material is stored correctly. untying the knots in the wood 
structure. 
The sample used in this study 
Nyatoh has the highest range of 
density and strength, but 
of bums. 
With the lowest properties of 
moisture content, density and 
strength, this is believed to be 
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exhibits the worst conditions in These effects are also affected relatively moderate amount of the reason why this wood can 
terms of highest material loss, by the moisture content in the moisture content; shows some be cut successfully and with 
highest overcuts, highest kerf material. Since, Meranti has the resistance towards laser beam ease. 
widths and poor surface finish. highest moisture content among as seen in the workpieces It is therefore found that this 
all the wood samples; the effect produced. Some of the wood is the most suitable to be 
It is found that this wood is on density will surely be workpieces experienced severe cut by the CO2 laser. 
least suitable to be cut by the greater. This on the other hand burns and charring, while some 
CO2 laser. will cause the cutting process to others did not. This means that, 
be less efficient. the effects on surface finish are 
more determined by the 
It is found that this wood is less moisture content in the 
suitable to be cut by the CO2 material, and not necessarily its 
laser. strength or density. 
It is found that this wood is less 
suitable to be cut by the CO2 
laser. 
Table 3-11, 3-12 and 3-13 shows a clearer trend for easier comparison of the SLL, percent over-cut for SLL, CD, percent over-cut for 
CD, KW and MRR versus power for all of the materials. These findings will be discussed further in chapter 4. 
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Table 3-11: Graph trend for Side Line Length and Overcut vs. Power 
Nyatoll (Palaquium spp.) 
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Table 3-12: Graph trend for Circular Diameter and Overcut vs. Power 
Nyatoh (Palaquium spp.) 
Kembang Semangkok 
Material Plywood 
Meranti (Shorea spp.) (Scaphium spp.) 
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Table 3-13: Graph trend for KerfWidth and Material Removal Rate vs. Power 
Material Plywood 
Meranti (Sflorea spp.) Nyatofl (Palaquium spp.) 
Kembang Semangkok 
(Scapllium spp.) 
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3.11 Conclusions 
An initial study on the laser cutting of wood has been described in this chapter. It is 
concluded that: 
• Selection of cutting parameters for the laser cutting of wood is mainly 
governed by workpiece thickness and the material's moisture, air content and 
density. 
• For material thickness of 10mm for all wood samples, no successful cut is 
possible for a laser power of 100 watts at 1.2m1min cutting speed. 
• Due to exothermic reaction, cutting assisted with compressed air exhibits 
severe bums and charring, larger kerf width and overcuts, and more portions 
of material loss. 
• The use of nitrogen assistance is proved to be reliable in reducing material 
loss and over-burning due to compensation for the heat accumulation by 
offering a cooler, inert environment for the cutting process. 
• Closer dimensional accuracy and acceptable surface finish are obtainable 
when assisting the cutting process with nitrogen as compared to when using 
compressed air as the assist gas in the cutting of wood. 
• Suitability of wood for laser cutting for these few selected materials is found 
to be in the order of: 
Plywood 
Least suitable 
Meranti 
(Shorea spp.) 
Nyatoh 
(Palaquium spp.) 
Kembang Semangkok 
(Scaphium spp.) 
Most suitable 
For further work, the research will be carried out in order to prove the relationship 
between material properties, laser beam characteristics and machining variables. In 
the next chapter these issues will be investigated further. 
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A few other problems should be taken into consideration including, the effect of 
moisture content, which is due to the fact that water is highly absorptive to C02 laser 
radiation and may reduce the cutting efficiency. From the initial experiments, the 
main issue to be solved in this area is how to simplify the process of selecting the 
correct parameters for ease of cutting and reducing the effects of black char due to 
over-burning of the work-material. The author also feels that the use of an inert gas 
such as nitrogen may be beneficial in creating an inert and cooler environment, thus 
resulting in a final product with acceptable dimensions and better appearance. From 
the study, it is hoped that some new ideas for wood processing can be introduced to 
achieve a better quality with lower cost, especially for potentially commercial 
Malaysian wood products. 
Based on these initial experiments a detailed discussion can be made taking into 
account the parameters discussed and the images gained from the Scanning Electron 
Microscope (SEM). In chapter 5 various images will be discussed. Two specific 
types of wood, Rubber wood and Meranti are discussed and two types of assist gas, 
Nitrogen and CO2 in addition to compressed air were used. The cutting process was 
done in two different orientations, either across (perpendicular to) the grain or along 
(parallel to) the grain. In chapter 4 the effect of moisture content will be studied in 
detail. Three types of material, Meranti, Acacia and Kapur were used. A study of the 
various levels of MC was made and the effect of the laser power required to enhance 
laser cutting efficiency was also examined. 
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Chapter 4 
Effect of Wood Properties on Laser Cutting Quality 
In chapter 3, the results of C02 laser cutting for four types of Malaysian wood have been 
discussed in detail. This chapter and the following two chapters will discuss in detail 
factors that affect the laser cutting of wood. The initial experiments reported in chapter 3 
have proved some of the findings. In this chapter, a further experiment, which can be 
claimed as a novelty of this research; will look in depth at the properties of the work 
materials. Chapter 3 has covered some of these properties such as physical properties 
(density, moisture content and thickness). Another issue that will be studied is whether 
cutting across and/or along the grain of the material will affect the cut quality. The author 
has suggested in chapter 3 that a detailed study of the effect of the moisture content (MC) 
of wood on laser cutting is still to be explored. 
4.1 Introduction 
Conventional wood machining involves the application of force to separate chips from 
the workpiece until the desired size of workpiece is achieved. One of the important 
characteristics of wood is the ease with which it can be worked with tools. In the early 
nineteenth century, the circular saw, band saw and surface planer were invented 
(Kollman and Cote Jr. 1968). Since their invention, incremental improvements in wood 
machining processes have been made in attempts to improve surface quality, narrow the 
kerf width and increase the speed of the throughput, but the basic processes have virtually 
remained unchanged. Depending on the magnitude of the force applied and the 
compressive resistance of the wood, the machined surfaces are usually subjected to wear, 
which results in constant changes in the cutting edge (Skaar 1972). The variation in edge 
geometry subsequently alters the quality of the machined surface. 
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Laser was introduced in the 1960s (Skaar C, 1972). The introduction of the CO2 laser has 
been used as an alternative to traditional wood machining processes. Compared to 
conventional processing methods, high-energy lasers have recently offered a number of 
potential advantages (Skaar C, 1972): I) Smaller kerfs with no tool wear in the 
conventional sense; 2) Low noise levels; 3) Start and stop cutting in any location. 4) Does 
not produce sawdust. 5) No reaction force is exerted on the workpiece 6) Can be readily 
coupled with computers for numerical control 7) Can easily cut complicated profiles. An 
effective laser cutting system is based on several machining variables, such as laser 
power, cutting speed, delay time, nozzle diameter, type of gas, gas pressure and the 
distance between nozzle and workpiece or stand-off distance (SOD) (Choong, C.T., 
1963). Besides that, the properties of the worked material such as moisture content and 
density also affect the finished part (Choong, C.T., 1963). 
According to Ready (1978), the wood MC, within a certain range, influences the strength 
properties, stiffness, hardness, aberration resistance, machinability, heat value, thermal 
conductivity, thermal diffusivity and the resistance of the wood against decay. 
Furthermore, it also effects wood burning behaviour and char formation (Ready J .F., 
Farson D.F., 2001). On the other hand, as a thermal process, the effectiveness of laser 
machining also depends upon thermal properties, where materials that exhibit low 
thermal conductivity are particularly well suited for laser machining. (Choong, C.T., 
1963). Therefore, it is essential to investigate the effect of wood MC on the quality of the 
cut for materials cut by laser. 
4.2 Effect of Moisture Content on Kerf Width 
In this chapter, a detailed study on the effect of MC on the laser cutting process for wood 
will be explored. The experiments were done on three species of Malaysian timber using 
a commercial 500-watt laser-cutting machine. The three types of selected Malaysian 
timber used for these experiments are: Kapur (Drybalanops Aromatica) categorized as 
medium hardwood, Meranti Temak (Shorea Bracteolata) categorized as light hardwood 
and Acacia (Acacia Mangium) categorized as softwood. Each species has four different 
153 
Chapter 4: Effect of Wood Properties on Laser Cutting Quality 
percentages of MC: 12%, 15%, 18% and 21 %. It was found that the different percentages 
of MC did affect the kerf width when cut by the laser. The results show that the wood 
with the higher MC will give a smaller kerf width. Laser machine designers or 
researchers can utilise this finding in improving the use of laser cutting methods on 
wood-based materials. 
4.3 Experimental Methods 
The experiment was conducted using the same Zech Laser machine as mentioned in 
chapter 3. 
Figure 4-1 The specimen 
4.3.1 The specimen 
Oi = Inner dimension 
00 = Outer dimension 
A simple 40 mm square part was drawn using AutoCAO and the .dxf file then exported 
to the laser machine operating software namely C-Cut. The reason for using this simple 
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design is that in the study the primary concern is the dimensional cutting quality (Figure 
4·1) 
4.3.2 Experimental parameters 
As a guideline throughout the laser cutting experiment, the experiment's parameters are 
carefully selected based on the previous work of Barnekov and Tayal et al (1994). 
4.3.3 Data collection format 
The primary data collected were the sideline length and kerf width. 
4.3.3.1 Sideline length 
The sideline length is measured using a digital vernier calliper and the acquired lengths 
are tabulated in Table 5 • 10. The sideline length is divided into two; parallel sideline 
length (the sideline parallel to the grain distribution of the wood) and cross-sectional 
sideline length (the sideline across the grain distribution of the wood). In this experiment, 
the measurement of sideline length was taken three times for each sample. 
4.4 Kerf Width 
The kerf widths are measured by measuring the outer length (Do) of the work material 
and subtracting the inner length (Di) of the produced part from it (Figure 4· 1). Do and Di 
are each the average value of three readings from every sample. The value is then divided 
by two to obtain the mean value of the kerf width for both sides of the kerf. 
4.4.1 Workpiece material 
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The detailed properties and parameters of the wood materials and the laser are given 
below. 
4.4.2 Properties and parameters of the laser 
There are two types of parameters of the laser will be used; constant parameter and 
variable parameter. 
Table 4-1 Properties and parameters of the laser 
Constant Parameter 
Gas Pressure: 
Gas 1: Compressed air = 1.5 bar 
Gas 2: Nitrogen = 3.0 bar 
Cutting speed: 0.2 mlmin 
Time delay (delay time for the laser to penetrate the 
material): 3 second 
Nozzle diameter: 3 mm 
Nozzle stand off distance (SOD-distance between 
nozzle and the material): 1.5 mm 
Corner power (reduction rate while corner cutting): 
70% 
Material thickness: 10 mm 
Variable Parameter 
Laser Power: 
300 watts 
400 watts 
500 watts 
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4.4.3 Properties and parameters of wood materials 
Table 4-2 Kapur (Dryobalanops aromatica) 
Physical properties 
Air-Dry Density: 575 - 815 kg/m3 
Moisture Content 
12%,15%,18% and 21 % 
Shrinkage: 
Radial: 1.5 - 2.6 % 
Tangential: 3.8 - 5.1 % 
Thickness: 10 mm 
Mechanical properties 
Static Bending: 
MOE: 13,000 - 18,700 N/mm2 
MOR: 114 -126 N/mm2 
Compression Strength: 
Perpendicular to grain: 5.52 N/mm2 
ParaIlel to grain: 61.70 - 69.60 N/mm2 
Shear Strength: 10.5 - 13.6 N/mm2 
Table 4-3 Meranti Temak (Shorea bracteolata) 
Physical properties 
Air-Dry Density: 385 - 755 kg/m3 
Moisture Content 
12%, 15%, 18% and 21 % 
Shrinkage: 
Radial: 1.5 - 2.6 % 
Tangential: 3.8 -7.4 % 
Thickness: 10 mm 
Mechanical properties 
Static Bending: 
MOE: 8,400 - 13,600 N/mm2 
MOR: 63 - 83 N/mm2 
Compression Strength: 
Perpendicular to grain: 2.41 - 2.51 
N/mm2 
ParaIlel to grain: 34.50 - 48.20 N/mm2 
Shear Strength: 6.30 - 11.0 N/mm2 
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Table 4-4 Acacia (Acacia Mangium) 
Physical properties 
Air-Dry Density: 235 - 625 kg/m3 
Moisture Content 
12%,15%,18% and 21% 
Shrinkage: 
Radial: 1.5 - 2.5 % 
Tangential: 3.5 - 6.4 % 
Thickness: 10 mm 
Mechanical properties 
Static Bending: 
MOE: 9, 580 N/mm2 
MOR: 74 N/mm2 
Compression Strength: 
Perpendicular to grain: 1.98 - 2.21 
N/mm2 
ParaIlel to grain: 29.50 - 36.40 N/mm2 
Shear Strength: 6.30 - 11.0 N/mm2 
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4.5 Results and Discussion 
Tables 4·5 to 4·10 show the numerical values obtained from the experiments followed 
by the graphs. 
Table 4·5 Kapur (Dryobalanops aromatica): Perpendicular cutting 
Test no. WMC Power Outer length. Inner length. Kerfwidth 
(%) (W) Do (mm) Di(mm) (Do·Di)12 (mm) 
IR 12 300 40.53 39.85 0.34 
2R 12 400 40.59 39.79 0.40 
3R 12 500 40.68 39.73 0.48 
4R 15 300 40.56 39.89 0.33 
5R 15 400 40.60 39.81 0.39 
6R 15 500 40.62 39.78 0.42 
7R 18 300 40.50 39.89 0.31 
8R 18 400 40.54 39.87 0.34 
9R 18 500 40.61 39.79 0.41 
tOR 21 300 40.45 39.95 0.25 
llR 21 400 40.56 39.89 0.34 
12R 21 500 40.53 39.78 0.37 
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Table 4-6 Kapur (Dryobalanops aromatica): Parallel cutting 
Outer length. Inner length. Kerfwidth 
Test no. WMC(%) Power (W) 
Do (mm) Di(mm) (Do-Di)/2 (mm) 
IL 12 300 40.75 39.85 0.45 
2L 12 400 40.79 39.81 0.49 
3L 12 500 40.80 39.57 0.61 
4L 15 300 40.69 39.88 0.41 
5L 15 400 40.77 39.73 0.52 
6L 15 500 40.79 39.68 0.55 
7L 18 300 40.70 39.90 0.40 
8L 18 400 40.75 39.84 0.45 
9L 18 500 40.76 39.72 0.52 
10L 21 300 40.65 39.94 0.35 
IlL 21 400 40.71 39.92 0.40 
12L 21 500 40.73 39.69 0.52 
Table 4-7 Meranti Temak (Shorea bracteolata): Perpendicular cutting 
Kerfwidth 
Test no. WMC(%) Power(W) 
Outer length. Inner length. 
(Do-Dil/2 
Do (mm) Di(mm) (mm) 
I3R 12 300 40.65 . 39.80 0.42 
14R 12 400 40.69 39.77 0.46 
15R 12 500 40.70 39.71 0.49 
16R 15 300 4063 39.83 0.40 
17R 15 400 40.67 39.79 0.44 
18R 15 500 40.74 39.76 0.49 
18R 18 300 40.63 39.92 0.35 
19R 18 400 40.65 39.83 0.41 
20R 18 500 40.69 39.81 0.44 
21R 21 300 40.62 39.94 0.33 
22R 21 400 40.63 39.90 0.37 
23R 21 500 40.64 39.85 0.40 
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Table 4-8 Meranti Temak (Shorea bracteolata): Parallel cutting 
Outer length. Inner length. Kerfwidth 
Test no. WMC(%) Power(W) 
Do (mm) Di(mm) (Do-Di)/2(mm) 
13L 12 300 40.65 39.54 0.55 
14L 12 400 40.73 39.50 0.61 
15L 12 500 40.77 39.49 0.64 
16L 15 300 40.63 39.57 0.53 
17L 15 400 40.67 39.59 0.54 
18L 15 500 40.75 39.48 0.64 
18L 18 300 40.59 39.70 0.45 
19L 18 400 40.66 39.53 0.56 
20L 18 500 40.69 39.51 0.59 
21L 21 300 40.53 39.66 0.44 
22L 21 400 40.64 39.62 0.51 
23L 21 500 40.66 39.54 0.56 
Table 4-9 Acacia (Acacia Mangium): Perpendicular cutting 
Outer length. Inner length. Kerfwidth 
Test no. WMC(%) Power(W) 
Do (mm) Di(mm) (Do-Di)/2(mm) 
24R 12 300 40.94 39.77 0.59 
25R 12 400 40.95 39.70 0.63 
26R 12 500 41.00 39.59 0.70 
27R 15 300 40.84 39.84 0.50 
28R 15 400 40.88 39.74 0.57 
29R 15 500 40.89 39.66 0.61 
30R 18 300 40.74 39.87 0.44 
31R 18 400 40.80 39.73 0.54 
32R 18 500 40.91 39.70 0.60 
33R 21 300 40.68 39.89 0.39 
34R 21 400 40.74 39.80 0.57 
35R 21 500 40.74 39.70 0.52 
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Table 4-10 Acacia (Acacia Mangium): Parallel cutting 
Test no. WMC(%) Power (W) Outer length. Inner length. Kerfwidth 
Do (mm) Di (mm) (Do-Di)/2(mm) 
24L 12 300 40.92 39.57 0.68 
25L 12 400 40.97 39.48 0.74 
26L 12 500 40.96 39.42 0.77 
27L 15 300 40.88 39.61 0.63 
28L 15 400 40.94 39.53 0.70 
29L 15 500 40.95 39.40 0.78 
30L 18 300 40.81 39.57 0.62 
31L 18 400 40.85 39.55 0.65 
32L 18 500 40.92 39.46 0.73 
33L 21 300 40.75 39.65 0.55 
34L 21 400 40.79 39.59 0.60 
35L 21 500 40.80 39.46 0.67 
of different cutting orientation will be looked into in more detail. 
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(a) Kerfwidth vs Moisture Content for Kapur (perpendicular cut) 
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Figure 4-2(a) Kerf width vs. Moisture content for Kapur (Drybalanops Aromatica) 
at various laser powers and cutting through perpendicular to grain axis 
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Figure 4-2(b) Kerf width vs. Moisture content for Kapur (Drybalanops Aromatica) 
at various laser powers and cutting through parallel to grain axis 
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(a) Kerfwidth vs Moisture content for Meranti Temak (perpendicular) 
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Figure 4.3(a) Kerf width vs. Moisture content for Meranti Temak (Shorea 
Bracteolata) at various laser powers and cutting through perpendicular to grain 
axis 
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(b) Kerfwidth vs Moisture content for Meranti Temak (Parallel) 
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Figure 4·3(b) Kerf width vs. Moisture content for Meranti Temak (Shorea 
Bracteolata) at various laser powers and cutting through parallel to grain axis. 
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(a) Kerf width vs Motsture content for Acacia (perpendicular)' 
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Figure 4.4(a) Kerf width vs. Moisture Content for Acacia (Acacia Mangium) at 
various laser powers and cutting through perpendicular to grain axis 
(b) Kerfwldth vs Moisture content for Acacia (Parallel) 
0.90 
0.80 ;:: ------- " . 
.. ---. 0.70 
"'_M,"--. 
E 0.60 '.' 
E 
.' 
• 
--
~300W 
:; 0.50 
'5 ___ 400W 
~ 0.40 
't: ___ soow 
" 0.30 
" 
0.20 I 
. 
. 
, 
'.' 
. . . 
• 
0.10 
. 
0.00 
10 12 14 16 18 20 22 
Moisture content (%) 
Figure 4.4(b) Kerf width vs. Moisture Content for Acacia (Acacia Mangium) at 
various laser powers and cutting through parallel to grain axis 
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4.5.1 Kapur (Drybalanops Aromatica) 
Generally, it is found that the kerf width obtained when cutting parallel to the grain axis 
is larger than that when cutting perpendicular to the grain. The kerf width decreases as 
the power decreases, a similar trend can be seen with increasing moisture content. Severe 
and bigger kerf width can be seen as a result of the highest output power of 500 watt and 
at the lowest percentage of WMC; 12%. The reading is recorded as 0.61 mm through 
parallel cutting while 0.48mm is obtained from perpendicular cutting. These readings can 
be seen from Tables 5 and 6. Overall, the range of kerf width for a perpendicular cutting 
operation falls within 0.25mm to 0.48mm while for a parallel cutting operation, it ranges 
from 0.35 to 0.61mm. 
4.5.2 Meranti Temak (Shorea Bracteolata) 
Analysing Figure 3 and data from Tables 7 and 8, it can be seen that the kerf widths 
obtained from parallel grain cutting are higher than perpendicular grain cutting for 
Meranti Temak. The range of kerf width falls between the values of 0.33mm and 0.64mm 
for both perpendicular and parallel cutting operations. 
For cutting perpendicular to the grain axis, the widest kerf obtained is 0.49 mm at input 
power of 500 watts and at the moisture content of 12%; while the narrowest is 0.33 mm 
at the moisture content of 21 % for a laser power of 300 watts. Comparatively, when 
cutting through parallel to the grain axis, the widest kerf obtained is found to be at the 
moisture content of 12% and laser power of 500 watts, which give a reading of 0.64 mm. 
The narrowest kerf is 0.44 mm obtained at a moisture content of 21 % with input power of 
300 watts. 
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4.5.3 Acacia (Acacia Mangium) 
From Table 9 and Table 10, it is observed that, in general, the kerf width is found to be 
above 0.55 mm. This covers both conditions when cutting through parallel and 
perpendicular to the grain axis. Comparing Figures 4(a) and 4(b), it is clear that kerf 
widths obtained when cutting through parallel to the grain axis are larger than for cutting 
perpendicular to the grain axis. As the power decreases, the kerf width becomes smaller 
and the same trend occurs with the increase in moisture content. The range of kerf widths 
obtained for perpendicular cutting is within 0.39 mm to 0.70 mm in which the largest kerf 
of 0.70 mm is exhibited when cutting with 500 watts laser power and at 12% moisture 
content. When cutting parallel to the grain axis, the range falls within 0.55 mm to 0.77 
mm. The widest kerf reported (0.77 mm) is 0.07 mm less compared to cutting 
perpendicular to the grain axis. This is found to be at a moisture content of 12% with 500 
watts of laser power. The narrowest width obtained when cutting through parallel to the 
grain axis is found to be 0.55 mm, 0.15 mm more than the kerf width obtained from 
cutting perpendicular to the grain axis. This is found at the moisture content of 21 % with 
a 300-watt laser for both perpendicular and parallel cutting processes. 
From all the results it is found that the largest and smallest kerf width for all three types 
of samples occurred as follows: 
Table 4-11 Summary of results 
Largest Smallest 
Wood kerf Power MC kerf Power MC 
Orientation Orientation 
sample width (W) (%) width (W) (%) 
(mm) (mm) 
Kapur 0.61 500 12 Parallel 0.25 300 21 Perpendicular 
Meranti 
0.64 500 12 Parallel Temak 
0.33 300 21 Perpendicular 
Acacia 0.77 500 12 Parallel 0.39 300 21 Perpendicular 
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From the analysis, it is observed that increasing the WMC will decrease the kerf width. 
As explained by (Kollman F.F.P and Cote Jr. W.A., 1968), the rate of burning for any 
material depends on the characteristics of the materials itself. Material density has an 
important influence on the material burning characteristics. When the density is larger, 
the rate. of burning is lower and vice versa. The same general characteristic applies to the 
wood based materials (Kollman F.F.P and Cote Jr. W.A., 1968). Density is defined as 
mass per unit volume. Since the density is influenced to a large extent by the moisture 
content, therefore the higher moisture content means more water is contained in the 
wood; this will cause a slower burning effect i.e. a smaller amount of burning. On the 
other hand, lower MC means that less water is contained in the wood and this will cause a 
higher burning effect. In addition, in wood with higher moisture content, a large quantity 
of the energy supplied by the laser beam is consumed to absorb and vaporize the water 
molecules in the wood. The remaining small quantity of energy is then used to cut the 
wood vessels. In contrast, for a wood with Iow moisture content, only a small quantity of 
energy is needed to absorb and vaporize water molecules. The rest of the energy is 
consumed to cut the vessels of the wood. Hence, the kerf width obtained from cutting the 
wood with Iow moisture content is larger compared to the wood with higher moisture 
content. 
Besides moisture content, there are other factors that influence the width of cut such as 
different orientation of cut, species of the wood (due to different properties of wood) and 
input laser power. From the graphs of kerf width obtained from two different orientations 
of cutting; cutting perpendicular to the grain and cutting parallel to the grain, it is found 
that the rate of burning while cutting in the parallel direction is about twice as fast as 
cutting perpendicular to the grain. If the laser beam has the same amount of energy in 
both cutting directions (whether parallel or perpendicular to the grain), faster thermal 
conductivity will occur during parallel cutting and this results in faster cutting but also in 
extensive burning. Therefore, the kerf width obtained is larger by cutting parallel to the 
grain as compared to perpendicular to the grain. A multiple range of tests for kerf width 
for different species shows that Kapur gave the lowest reading, followed by Meranti 
Temak and Acacia. Therefore, Kapur is the best of these three species in which to obtain 
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the closest size to the actual dimension. This can be explained by the higher density of 
Kapur. Hence, the energy supplied by the laser beam to Kapur was used mostly to bum 
its mass. As a result, less kerf width will be observed. 
For different power usages, lower power exhibits a narrower kerf width whilst higher 
power has higher energy that will cause extensive burning of the wood. For example, 300 
watts laser power produced a narrower kerf than 500 watts laser power. From the result 
of Kapur cutting, its kerf width is decreasing with increasing wood moisture content and 
decreasing laser power. At the same WMC, lower laser power will give a smaller kerf 
width than will higher laser power. This relationship showed that WMC plays an 
important role in the laser wood-cutting process. The same results are observed for the 
other two species tested; Meranti and Acacia. Kapur (Dryobolanops Aromatica) wood 
shows the narrowest result of kerf width followed by Meranti Temak (Shorea 
Bracteolata) and Acacia (Acacia Mangium). These results are best when the parameters 
are optimized i.e. cutting orientation is perpendicular to the grain, using highest WMC 
(21 %) and using the lowest power laser (300 watt) available. 
4.6 Conclusions 
From the study in this chapter, it is concluded that: 
Different levels of wood moisture content do affect the dimensional cutting results, where 
higher moisture content of wood will result in smaller cutting widths and vice versa. The 
laser cutting result" is better for perpendicular orientation to the wood grain, where it 
produces a smaller amount of wood burning. The order of woods suitable for laser cutting 
for narrowest kerf width is: 
i. Kapur (Drybalanops Aromatica) 
ii. Meranti Temak (Shorea Bracteolata) 
iii. Acacia (Acacia Mangium) 
Different percentage of wood moisture content has an effect on dimensional cutting 
surface using a laser cutting process in three different species of Malaysian timber which 
are; Kapur (Drybalanops Aromatica), Meranti Temak (Shorea Bracteolata) and Acacia 
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(Acacia Mangium). These findings have proven that one of the wood properties i.e. the 
moisture content has an effect on the result of laser cutting. In the next chapter, the effect 
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ChapterS 
Effect of Machining Parameters on Laser Cutting Quality 
In chapter 4, the effect of wood properties on the quality of cut produced by a CO2 laser 
has been studied. In this chapter, the effect of various laser parameters on the cutting of 
various materials will be studied. In the preliminary study reported in chapter 3, the 
effects of SOD, laser power and cutting speed have been discussed. The effect of cutting 
orientation on the cutting result also had been discussed in chapter 4. To study these 
issues deeper, a comparison of the different assist gases used and the cutting orientation 
was made. In order to verify these differences and make a good comparison of the cutting 
results, a clearer observation of the laser cut face is needed. Several samples of material 
i.e. Rubberwood and Meranti were cut using different machining parameters and the cut 
faces scrutinized. These laser-cut faces (size approximately in between 4 to 9 mm2) were 
then viewed using a Scanning Electron Microscope (SEM) and detailed images produced. 
A low vacuum SEM available in the COMBICAT Laboratory in the University of 
Malaya was used to capture these images. 
5.1 Scanning Electron Microscope 
The Scanning Electron Microscope (SEM) is one of the most advanced technologies ever 
invented. There are two main types of SEM, high vacuum and low vacuum. 
5.1.1 High Vacuum SEM 
Traditionally SEM's have been operated under high vacuum conditions (10-5 mbar) to 
ensure good resolution and high signal to noise levels. The normal SEM machine only 
works with conductive materials. Under such conditions, any sample that is poorly 
conducting quickly accumulates charge and is therefore impossible to image without the 
use of additional coatings such as gold or carbon. The use of such coatings made SEM 
inspection a destructive process and virtually eliminated its usefulness as an in-line 
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inspection tool. The Quanta 200 FEG used in this experiment has a low vacuum and 
environmental mode that can be used to inspect non-conductive materials such as 
polymers, glass, wood and even wet biological samples. 
5.1.2 Low Vacuum SEM 
The Quanta 200 FEG SEM was used for this experiment. It is a versatile high resolution, 
low vacuum scanning electron microscope with three modes (high vacuum, low vacuum. 
and ESEM) to accommodate the widest range of samples of any SEM system. An 
Environmental Scanning Electron Microscope (ESEM) is specifically designed to be able 
to examine microstructure and ultra-structural details of samples, within an SEM 
chamber, in their uncoated natural state. An ESEM is able to examine wet, oily and 
outgassing samples, without any form of preparation, and is able to maintain specimens 
within their natural state for prolonged periods within the ESEM viewing chamber (FEI 
webpage). The ESEM works at low vacuum (typically 2 - 6 Torr), and utilizes a chamber 
gas for imaging, charge suppression and sample humidity. ESEM is specifically suited to 
dynamic experimentation at the micron scale and below. 
ESEM technology allows for dynamic experiments involving fluids, and the possibility 
of imaging samples undergoing compression and tension. ESEM can therefore be 
regarded as a micro dynamic experimentation chamber where materials can be examined 
at a range of pressures and temperatures and also under a variety of gases or fluids. 
5.1.3 ESEM Mode 
The need for a high-resolution, nanometre-Ievel inspection of silicon based Microsystems 
and microelectronic components have increased dramatically over the last decades as 
dimensions have shrunk to below one micrometer. At this level of magnification, 
conventional optical inspection, as normally used for silicon wafer processing, is 
impossible because of fundamental wavelength limitations. The low vacuum (pressure < 
2 mbar) and environmental SEM (ESEM) mode (pressure < 40 mbar) are realised 
through injection of water vapour into the SEM inspection chamber. This virtually 
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eliminates charging effects on non-conducting samples because of charge transport away 
from the sample by ionised water vapour and furthermore enables imaging of vacuum 
incompatible materials (e.g. wet biological samples or, as in this case, wood). The images 
produced were up to between 300 times to 10,000 times magnification. These 
magnification rates produced images that were clear enough to be studied and analysed. 
Figure 5-1 Low Vacuum Scanning Electron Microscope 
5.2 Effect of Laser Power 
The power of a laser is the output optical power of the laser. The main criteria of a laser 
machine that need to be known are the normal working power and its maximum 
allowable power. Lasers operate in either a continuous wave state or a pulsed state. Both 
operation states have lots of applications. For pulsed lasers, an important parameter is the 
peak power. In general, C02 lasers have relatively high continuous wave power, while 
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Nd:YAG lasers can provide relatively high peak power for pulsed operation (J. Powell, 
C.Wykes 1989). Output power is closely related to processing time and expense of 
operation. If the selected laser power is lower, the processing time will be increased, if 
the laser power selected is higher than necessary, the operation expense will be higher 
than necessary. For this reason a correct selection of laser power is very important. From 
the experiments reported in chapter 3, it can be seen that increasing the laser output 
power will increase the kerf width and hence will also increase the material removal rate. 
In other words, the experiments have proved that, a lower power and higher cutting speed 
will produce a smaller percentage of overcut. In general, a CO2 laser with output power 
between JOOW to 500W can cut all types of JOmm thickness wood materials fairly easily. 
A correct cutting speed is also very important in order to make sure a full through cutting 
of the material can be made. These relationships can be illustrated as shown in Figure 4-
2. This trend was shown in the graphs from chapter 3. 
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5.3 Effect of Different Assist Gases 
In order to analyse the effect of different machining parameters on laser cut faces, a few 
samples were taken from the previous experiment. A small piece of the laser cut face, 
size approximately 10 to IS mm2, was placed into the SEM chamber. The samples taken 
are for the comparison of laser cut faces between different assist gases i.e. compressed 
air, CO2 and Nitrogen. A few samples are also taken for the comparison of different 
cutting orientations i.e. across the grain and along the grain. 
Below are some of the sample SEM images taken. There are different properties of 
natural materials (wood) when compared with metals. As has been discussed in greater 
detail in chapter 4, wood has a very complex cell or grain structure. Even from the same 
piece of wood and for adjacent cuts, the images produced are not identical in terms of 
their fibre structure. For this reason the discussion will be more on the differences of cut 
quality when different assist gases are used. 
5.3.1 Comparison for laser cut face for 10mm thickness Rubber wood - cut across 
the grain. Assist gas: C02 and Nitrogen. 
Figure 5-3(a) Rubber wood 
Assist gas: C02, cut across grain, 
Magnification: 800X 
Figure 5-3(b) Rubber wood 
Assist gas: Nitrogen, cut across 
grain, Magnification: 800X 
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Looking at these two images at 800 times magnification, it can be seen that using CO2 
gives a cleaner result. Using nitrogen seems to leave a few more particles or debris on the 
surface, which may be due to the unclean surface after the cutting process. This 
difference can be seen more clearly at higher magnification as in Figures 5-4 (a) and (b). 
Figure 5-4 (a): Rubber wood. 
Assist gas: C02, Cut across grain. 
Magnification: 3000X 
Figure 5-4(b): Rubber wood. 
Assist gas: Nitrogen, Cut across 
grain. 
Magnification: 3000X 
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.' Figure 5-5(a) Rubber wood_ 
Assist gas: Nitrogen, cut 
across grain. 
Magnification: 3000X 
Figure 5-5(b) Rubber wood. 
Assist gas: Nitrogen, cut 
across grain. 
Maguification: lOOOOX 
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Figure 5·6 Rubber wood. 
Assist gas: C02. cut across grain. 
Magnification: lOOOOX 
From these highest magnification images the cutting edge appears cleaner when nitrogen 
is used as the assist gas. The edges from Figure 5·5(b) shows fewer tiny particles created 
due to the evaporation of wood cells. That is why the surfaces have less char and are 
cleaner than when C02 is used. Naderi et al [1999] have also discussed this issue of using 
ultrafast intense (femtosecond) Ti-sapphire laser interaction with wood. The cut surface 
from a laser beam using CO2 as the assist gas exhibited the presence of a granular 
structure (granular size about 1 to 2 microns), which shows a similar result to that 
obtained by Naderi. With the magnification of to,OOO times as in Figures 5-5(b) and 5-
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6(a) the presence of this granular structure is more visible for cutting results using C02 as 
the assist gas rather than Nitrogen. Figures 5-5(b) and 5-6(a) also show a very clear 
difference in the cut edges using Nitrogen as the assist gas. They exhibit a very clean and 
less granular structure compared with using C02 as the assist gas. A cutting edge with a 
structure of granular particles is more visible in figure 5-6(a), which is using CO2 as the 
assist gas. 
5.3.2 Comparison for laser cut face for lOmm thickness Meranti wood· cut across 
the grain. Assist gas: Compressed air, C02 and Nitrogen 
Figure 5-7(a) Meranti 
Assist gas: Compressed air, cut across 
grain. Magnification: 800X 
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Figure 5-7(b) Meranti 
Assist gas: C02, cut across grain. 
Magnification: SOOX 
Figure 5-7(c) Meranti 
Assist gas: Nitrogen, cut across grain. 
Magnification: SOOX 
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Figure 5-8(a) Meranti 
Assist gas: Compressed air, 
cut across grain. 
Magnification: 1600X 
Figure 5-8(b) Meranti 
Assist gas: CO2, cut across 
grain. 
Magnification: 1600X 
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Figure 5.S(c) Meranti 
Assist gas: Nitrogen, 
cut across grain. 
Magnification: 1600X 
Figure 5·9 (a) Meranti 
Assist gas: Compressed air, 
cut across grain. 
Magnification: 3000X 
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Figure 5-9(b) Meranti 
Assist gas: CO2, cut across grain. 
Magnification: 3000X 
Figure 5-9(c) Merauti 
Assist gas: Nitrogen, cut across 
grain. 
Magnification: 3000X 
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Figure 5-10(a) Meranti 
Assist gas: Compressed air, 
cut across grain. 
Magnification: 3000X 
Figure 5-10(b) Meranti 
Assist gas: C02, cut across grain. 
Magnification: 3000X 
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Figure 5-10(c) Meranti 
Assist gas: Nitrogen, cut across grain. Magnification: 3000X 
As a matter of fact, all of the samples that had been placed under the SEM are charred 
surfaces. The question is how this layer of char looks like under the SEM. Looking at 
these images, the author thinks that they are most probably the dark layer, which 
surround in between the holes. The dark layer, which look like a chocolate toppings on 
top of a cake as seen clearly in figure 5-IO(c) is the best example to see this layer. A 
coloured image produced by SEM may one day discover this. Using compressed air 
results in severe damage to the cut edges can be seen in Figure 5-1O(a). The severely 
ripped edges are maybe due to a minimal chemical reaction (evaporation) of the fibre 
occurring at the cutting front. On the other hand, the results of assist gases Nitrogen and 
C02, exhibit a very nice and smooth slicing of the fibres. This may be due to the presence 
of inert gases, which creates a good environment in which to break the chemical bonds in 
the wood. 
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5.3.3 Laser cut face for lOmm thickness Meranti wood, cut along the grain. Assist 
gas: Compressed air 
The images show that cutting along the grain resulted a well-conserved cellular structure 
and the wood cells on the surfaces were quite intact. 
Figure S-U(a) Meranti- cut along the 
grain. 
Assist gas: Compressed air 
Magnification: 800X 
Figure S-U(b) Meranti- cut along 
the grain. 
Assist gas: Compressed air 
Magnification: 800X 
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Figure 5.12(a) Meranti· cut along the 
grain. 
Assist gas: Compressed air 
Ma!!Dification: 1600X 
Figure 5·12(b) Meranti· cut along the 
grain. 
Assist gas: Compressed air 
Magnification: 1600X 
With 1,600 times magnification of the laser-irradiated surface, Meranti cut along the 
grain exhibits a very clean and smooth cut, as shown in Figures 5-12(a) and 5-12(b) as 
compared to when cut across the grain in Figure 5·9(a). This finding has already been 
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discussed in detail in chapter 3 and chapter 4. Figures 5-12(b) and 5-12(c) also show the 
presents of 'cross grain fibre', which is unique and can be normally found in wood 
materials only. 
Figure 5-12(c) Meranti- cut along the grain. 
Assist gas: Compressed air 
Magnification: 3000X 
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5.4 Conclusions 
With higher magnification for Rubber wood, cutting using Nitrogen gives better quality 
of results as compared to C02. 
Table 5-1: Table of figures for Meranti (cut across grain). 
Meranti 
Magnification: 
800X 
Meranti 
Magnification: 
1600X 
Magnification: 
3000X 
Meranti 
Magnification: 
3000X 
Compressed air Nitrogen 
For Meranti, the cutting using Nitrogen exhibits the best results among the three 
assistance gases used. This finding is in agreement with the analysis made in chapter 3. 
Even though in chapter 3, there were only two assistance gases used (no C02 gas used), 
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but with this observation it is confirmed that the use of nitrogen as assistance gas is 
proven to be reliable in reducing material loss and over-burning due to compensation for 
the heat accumulation by offering a cooler, inert environment for the cutting process. The 
cleanest and smoothest cutting result can be seen from Figure 5-1O(c)-Nitrogen followed 
by Figure 5-10(b)- C02 and Figure 5-10(a)-compressed air. In fact, these images did not 
reflect the true degree of char layered on the surfaces. The images captured with such a 
high magnification do not give us the true intensity or degree of char. A method that can 
give us the degree of char will be presented in Chapter 6. 
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Chapter 6 
Laser Cut Face Quality Measurement 
In chapter 5 the laser cut quality was concluded based on observation of SEM images. 
Although the human judgement of the images is in the agreement with the finding of 
chapter 3, (which shown that the use of assist gas can improved the cutting quality) 
but the rate of charring is not possible to quantified. In this chapter, the author has 
introduced a method to quantify the char formation using the grey-scale histogram 
analysis on various Malaysian woods cut by a CO2 laser. By this method a guideline 
to select the correct machining and process parameters of laser cut wood can easily 
developed. 
6.1 Introduction 
Since the introduction of the laser cutting system, the C02 laser has been used as an 
alternative to the traditional wood machining processes. One of the most popular 
applications of the interaction of the laser and wood is the engraving process for 
decorative items. This is due to the fact that the char formation on the material surface 
will increase the aesthetic appearance of the items. On the other hand the char 
phenomenon is undesirable in the wood-cutting process despite the many advantages 
of this cutting technique compared to conventional processing methods (Bamekov et 
al. 1986). These advantages are: I) Smaller kerfs with no tool wear as in the 
conventional sense; 2) Low noise levels; 3) Cutting can be started and stopped at any 
location; 4) Does not produce saw dust; 5) No reaction force is exerted on the 
workpiece; 6) Can be readily coupled with computer numerical control and 7) Can 
easily cut complicated profiles. Although the char can be removed by post-machining 
operations such as sanding, this will increase the costs thus making the technique 
uneconomic. For this reason the effort to eliminate the post-machining operations is 
very important. Di Pietro 1994 has written that laser cutting quality can be defined in 
many different ways such as: kerf width, cut edge squareness, heat affected zone, 
dross appearance and surface roughness. In wood processing the severity of the char 
is also important. 
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In this study, rubberwood is selected as the workpiece material. The severity of its 
char when cut with the CO2 laser was studied. Rubberwood is nowadays becoming a 
very popular material in the Malaysian furniture industry because it is cheap, easily 
available and naturally beautiful. 
6.2 Image Processing of the Laser-cut Face 
Laser processing of wood is not entirely new, as it has been studied since the 
invention of the Carbon Dioxide (C02) laser cutting system back in 1964. Laser 
interaction with wood is used mainly for cutting and engraving. For certain processes 
like the engraving of decorative items the burn mark on the wood will increase the 
beauty of the items but in other cases it can be considered as an unwanted result. The 
char formation can be reduced by carefully selecting the correct parameters of the 
laser itself such as the power and the assist gas. The processing parameters such as the 
cutting speed and focusing depth also have a significant effect on the results. In this 
study, the char formed as a result of the laser cutting process is analysed. In order to 
get quantifiable values about the char surfaces, a visual surface analysing system is 
used. This system operates by acquiring images from a camera or file source and then 
carries out image processing in order to obtain the char surface characteristics. The 
values for the char formed on the cutting surfaces were measured and every layer of 
the samples was analysed. It was found that the results for every layer of char under 
investigation could be sent back into the system as feedback and a 'smart controller' 
can be built in order to control the laser and the processing parameters. This study has 
proved that the laser processing of wood can be improved by using a feedback system 
developed using image-processing methodology. 
6.3 Initial Investigations 
The idea of an intelligent laser machine for the cutting of non-metals, including wood, 
has been studied by P.A.A Khan et al. (1992). The Automated Lumber Processing 
System (ALPS) has been developed. ALPS introduced the use of 'computer vision' to 
scan and locate surface defects. The studies made by Barnekov et al. (1986 and 1989) 
mentioned that researchers and laser manufacturers generally agree that adaptive 
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online process control is the major component needed to improve the system. He 
suggested that the uses of various devices are necessary to control and regulate the 
laser cutting process in real time. These include importantly, the use of machine 
vision, machine control and the need for complete information about the laser cut 
surface. For these reasons, in this study the process of generating 'char samples' by 
capturing the laser cut surface for preliminary analysis is being carried out. The 
results of wood cut by laser have so far been judged by the naked eye, i.e. by giving a 
judgement of whether the surface quality is good or bad. In fact, from the research 
being done it is clear that there is much variation of char in relation to the depth of 
cut. There are some subtle effects which human judgement is unable to detect or 
quantify. In this study, the author would like to explore a scientific technique of 
resolving this issue. 
6.4 Experimental Setup 
The experiment was performed in the Advanced Machining Lab, Department of 
Engineering Design and Manufacture, University of Malaya. 
6.4.1 Laser Cutting Machine 
The experiments were performed on a commercial low-power carbon dioxide laser, 
which has been described in detail, together with the picture of the machine (Figure 3-
2 and Figure 3-3) in Chapter 3. 
6.4.2 The Materials 
As mentioned previously in this study 12 mm thick of Rubberwood is used. The 
reason for selecting Rubberwood is its commercial potential and easy availability. 
6.4.3 Properties of Rubberwood 
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Figure 6-1 Rubberwood 
• Density(at 16%MC)------------560-640 kg/M' 
• Tangential Shrinkage Coefficient (%) -----1.2 
• Radical Shrinkage Coefficient (%) ---------0.8 
• Hardness(N) --------------------------------4,350 
• Static Bending, at 12% MC -------- 66 N/mm1 
• Modulus of elasticity,(at 12%MC) - 9,700 N/mm1• 
Source: Forest Research Institute of Malaysia (FRIM) 
6.5 Methodology 
The Rubberwood samples are cut uSing varIOUS cutting parameters. Two 
combinations of assist gas are used: I) Carbon dioxide 2) Compressed air. Other 
processing variables i.e.: power, speed and stand off distance (S.O.D) are deliberately 
adjusted to create various char samples. Fixed parameters of nozzle size: 3 mm, a 
pressure of2 Bar for assist gas I (C02) and 5 Bar for assist gas 2 (Compressed air) are 
used. Square samples of 30 mm side were cut. Every laser cut face of all samples was 
then captured with a 3 megapixel Konica Minolta ZIO digital camera set up as shown 
in Figure 6-2. The images were analysed using Matlab V6.5 and the histogram for all 
sides are plotted as shown in Figure 6-3. The results were analysed in terms of 
histogram by looking at the standard deviation (SD) and mean of every sample and 
these values were then studied. The Matlab functions for calculating SD and mean 
was shown in Appendix B (Figure B-4). The relationships between the imaging data 
and the laser settings were then established. 
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Figure 6-2 Cutting profile 
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Table 6-1 Results of Side I 
Sample Power 
No. (Watt) 
A2 300 
A3 300 
A4 300 
A5 300 
Speed 
(mlmin) 
0.6 
0.7 
0.8 
1 
S.O.D 
(mm) 
10 
10 
10 
10 
Average A2, A3, A4, A5 
All 200 0.5 10 
AI2 200 0.3 10 
AB 200 0.3 5 
Average All, A12, AB 
A6 lOO 0.5 10 
A7 100 0.5 20 
AS 100 0.5 15 
Average A6, A7, AS 
MEAN 
76.S0 
76.70 
S1.53 
71.42 
76.61 
SI.8S 
79.91 
79.15 
SO.31 
S4.04 
80.65 
95.54 
86.74 
STD 
DEVIATION 
(SD) 
25.42 
27.71 
24.S1 
30.54 
27.12 
33.21 
31.46 
26.92 
30.53 
37.67 
37.5S 
37.52 
37.59 
Cropped 
Samples 
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Table 6-2 Mean and Standard Deviation of all sides 
Side=> SI S2 S3 S4 
Sample Mean Std.Dev Mean Std.Dev Mean Std.Dev Mean Std.Dev No. (SD) (SD) (SD) (SD) 
A2 76.80 25.42 88.73 20.71 79.41 32.11 65.35 22.86 
A3 76.70 27.71 72.98 21.44 85.98 38.94 78.79 24.68 
A4 81.53 24.81 44.57 759.92 78.77 33.38 65.46 20.97 
. 
A5 71.42 30.54 69.13 596.93 86.90 38.47 61.55 22.62 
All 81.88 33.21 72.92 20.32 79.36 37.28 66.75 23.45 
A12 79.91 31.46 68.12 24.11 78.19 31.75 67.94 23.84 
A13 79.15 26.92 77.17 17.08 82.46 25.36 64.88 22.80 
A6 84.04 37.67 83.56 28.51 86.97 35.48 68.43 25.17 
A7 80.65 37.58 78.10 26.42 90.12 32.0 72.85 23.99 
A8 95.54 37.52 79.53 33.92 89.74 36.94 67.33 24.24 
SI = Side 1, S2 = Side 2, S3 = Side 3, S4 = Side 4 (See Figure 6-2) 
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A6 
A7 
A8 
Table 6-4 
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Power = 100 Watt 
tIJ - .. ' '............ ....'. '.ll:' .......  . - "liJ" ; ,I . . . ;~. ... : ;..... ... .... ' ;' 
................................. '. "lIJ·····, 
'1iJ'- 'I ." '1 
- ': '! 
, .' ,I 
I,',,','"·.,' ,,'.,,~.-,., ,I !IJ' :1 I I I • _ 1 • ,. ~. ~ , i; 
Average of Means and SDs of aIJ Sides 
Samples Mean Average SD Average 
A2 77.5725 25.275 
A3 78.6125 28.1925 
A4 75.7975 26.17188 
A5 74.5375 30.64813 
Average for 300W 76.63 27.57188 
All 75.2275 28.565 
AI2 73.54 27.79 
A13 75.915 23.04 
Average for 200W 74.89417 26.465 
A6 80.75 31.7075 
A7 80.43 29.9975 
A8 83.035 33.155 
Average for lOOW 81.405 31.62 
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6.6.1 Analysis on one side (SI) 
From the results (Table 6-1), it is found that the range of mean values and standard 
deviations varies following some trend according to the different groups of power 
used. A power of 300 Watts yields the mean values between, in round figures, 71 to 
81 at an average of 76.61. A power of 200 Watts yields mean values of around 79 to 
82 with an average of 80.31. Laser power of 100 Watts yields mean values around 80 
to 95 and an average of 86.74. 
The trend shows that increasing the power will decrease the mean (refer to Figure 6-
5(a». Standard deviation gives the same trend i.e. by looking at the same groups of 
power used, the lowest SO for every group shown are: 300 Watts with an average of 
27.12,200 Watts gives an average SO of30.53 and lOO Watts gives an average SO of 
37.59 respectively. Figure 6-5(b) illustrates this. The histogram shown in Figure 6-
4(a) shows the intensity of black and white on the x-axis by giving the frequency of 
pixels counted on the y-axis. From these trends it can be concluded that the imaging 
arrangement can be used to recognise that a darker image means more charring as 
proved in Figures 6-4(b) and 6-4(c). This agrees with the human judgments. 
Comparing the figures for the most charred sample, AS, (Power=300W, speed=1 
mlmin, mean=71.42) with those for the least charred sample, AS, (mean=95.54), as 
expected the heavily charred surface exhibits smaller mean values (i.e. moving 
towards the left hand side of the histogram as explained in Figure 6-4(a». 
The question now is which parameter will affect the results more, either power or 
speed. The use of a higher power will obviously increase the char severity, on the 
other hand increasing the speed will compensate for this effect. These findings have 
been discussed in depth in Chapters 3, 4 and 5. This general relationship also is in 
agreement with the work done by other researchers such as K.C.P. Lum (2000a), S. L. 
Ng (2000) and again by K.C.P. Lum (2000b). A detailed study is needed to explain 
why this trend is not always correct within the group itself; for example, increasing 
the speed does not proportionally change some SO values. For the sake of the 
conciseness of the report, this study was done on only ten samples with three power 
ratings. In general, these findings have been obtained by looking at one of the sides of 
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the cut surfaces and a similar examination of the other three faces will help to provide 
greater clarity concerning these characteristics. 
Mean vs cut face 51-54 
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Figure 6-6 The trend of Means for every cutfaces 
6.6.2 Analysis for all sides (81, S2, S3 and 84) 
Referring to Table 6-2 and Table 6-3 it is very significant that there is a pattern of 
histogram, which occurs between cutting along or across the grain. In general, all the 
histograms for cutting along the grain showed a higher mean with a 'flattened bell 
shape', whereas, for the cutting across the grain, a more 'compressed bell shape' was 
seen. This pattern seems consistent for every power used. The majority of the mean 
values show that the cut along the grain is more inclined towards the right hand side 
ofthe X-axis. In other words, cutting along the grain will give a cleaner cut and least 
char. 
Table 6-4 discloses the characteristics of all sides for each power rating. The averages 
are calculated for all the means of SI, 82, S3 and S4. The idea is that the highest 
average of means will give us the best overall cutting results in term of intensity of 
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char. The highest mean was achieved by sample AS (S3.03S) and the smallest mean 
was achieved by sample AS with 72.2S0. Meaning that AS, (highest mean inclined 
more toward the right of the histogram) with lowest power (lOO Watts) gives the least 
charred surface. The most charred surfaces were found on sample AI2 (refer to Table 
6-1), used a laser power of 200 Watts and a cutting speed of O.3m1min, which is the 
slowest of all the speeds used. This had resulted in more burning due to the slowest 
heat dissipation while penetrating the material. 8D values gives the populations of 
grey pixels and whether they are away from mean or close to it. In other words, 
whether the grey pixel values are concentrated near or away from the mean. The 
required result is the highest mean and lowest SD, which means less char with a high 
concentration of the pixel population towards the mean. 
From the findings in chapter 3, the highest laser power with the slowest speed will 
result in the most charred surfaces. This theory was not consistent with the findings 
from samples A6, A7, AS and A9, where the speed used was higher than the speed for 
samples All, AI2 and A13, despite higher power being used. From the results shown 
here it can be predicted that if samples A6, A7, AS and A9 use the same speed as the 
speed used for All, AI2 and A13, the mean for the 300-watt power group would 
surely be lower. This can be predicted by looking at Table 6-3 which shows that 
flattened bell shapes occur more when the cutting was done along the grain (82 and 
S4). A concentrated pixel value resulted in the smaller SD shown by most cutting 
across the grain (S I and S3). 
Again the finding previously discussed has been shown by graph in Figure 6-6. The 
sine wave curves shown by almost all samples proved that cutting along the grain (S I 
and S3) gives least char (higher means) and cutting across the grain (S2 and S4) gives 
more char (lower means). 
6.7 Conclusions 
With this study, it can be proved that a new method of quantifying the laser cut face is 
possible. For materials such as Rubberwood, the degree of char can be scientifically 
evaluated. By using these findings, a guideline may be developed for laser wood 
processing. These guidelines will help materials scientists to select the right 
parameters for laser cutting. 
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The image processing method developed in this study may also be used for any other 
materials by identifying their unique results such as the heat affected zone and dross 
formation. These methodologies can be used to study in detail how different cutting 
variables will affect laser cut quality. Starting from this initial idea, more advanced 
image-processing techniques for use on laser-cut faces can be developed in the future. 
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Chapter 7 
Discussion and Conclusion 
The objectives of this study as outlined in section 1.3 are listed as follows: 
• To study the characteristics oflaser machining of Malaysian wood. 
• To optimize the cutting parameters by looking in detail at the effects in three 
major areas: 
The material properties i.e. the moisture content, density and maximum 
shear strength ofthe wood toward laser cutting. 
The processing parameters: speed, laser power and Stand Off Distance 
(SOD). 
The machine parameters: the assist gas used and nozzle size. 
• To study in detail how the char formation develops by doing a qualitative study 
on several selected samples. 
• To propose and develop a methodology to quantify the degree of char on the laser 
cut face. 
The approach taken and the results of the above studies will be discussed in this chapter. 
A conclusion will then be derived based on the general overview of the results achieved. 
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7.1 The Characteristics of Laser Machining of Malaysian Timber. 
The experiments reported in Chapter 3 can be summarised as below: 
Plywood 
Laser cutting of Plywood shows strong dependence on the type of woods used to form it 
and, more importantly, the binding agents used in the material. 
Plywood of any type is far more homogeneous than wood in its natural condition and 
cutting speeds and quality can more easily be relied upon, providing the material is stored 
correctly. 
The sample used in this study exhibits the worst conditions in terms of the highest 
material loss, highest overcuts, highest kerf widths and poor surface finish. 
Meranti (Shorea spp.) 
It was found that this wood is least suitable to be cut by a CO2 laser. 
Meranti, which has a moderate level of density and strength, exhibits worse effects in 
terms of surface finish, dimensional accuracy and material loss. This is due to the 
substantially high thermal input that is exerted into the material to initiate successful cuts. 
Higher density requires more effort (more power, and thus heat) by the laser to produce a 
cut by untying the knots in the wood structure. 
These effects are also affected by the moisture content in the material. Since, Meranti has 
the highest moisture content of all the wood samples used; the effect of the density was 
anticipated to be greater and result in the cutting process being less efficient. Hence, this 
wood is the least suitable among the materials used for cutting using a C02 laser. 
Nyatoh (Palaquium spp.) 
The results described in chapter 3 show that Nyatoh wood exhibits a low to moderate 
suitability for laser processing. 
With the same results, on average, as those obtained when cutting of Meranti and 
Kembang Semangkok woods, the first statement is believed to be acceptably right. 
Nyatoh has the highest range of density and strength, but relatively moderate moisture 
content. It shows some resistance towards the laser beam, as shown in the workpieces 
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produced. Some of the workpieces experienced severe bums and charring, while some 
others did not. This means that, the effects on surface finish are more determined by the 
moisture content of the material, and not necessarily by its strength or density. 
It was found that this wood is less suitable to be cut by a CO2 laser. 
Kembang Semangkok (Scaphium spp.) 
This wood was found to be the best among those tested to be cut by laser, since the 
results indicated the lowest proportion of material loss, with cut features that were the 
closest to the actual dimensions, least overcuts, smaller kerf widths, the thinnest layer of 
carbon residue and the lowest degree of burning. 
With the lowest properties of moisture content, density and strength, this is believed to be 
the reason why this wood can be cut successfully and with ease. 
It was therefore found that this wood is the most suitable to be cut by a C02 laser. 
7.2 Optimising the Cutting Parameters 
7.2.1 Material Properties 
As mentioned above, the lowest moisture content will ease cutting as it reduces the 
density of the material, enabling an easier cut to be made into the work material. Plus, 
with low water content, less C02 absorption will take place, resulting in a more efficient 
cutting process. With green moisture content of 73% and air-dry moisture content of 
16.8%, Kembang Semangkok wood exhibits different cutting characteristics to all the 
other wood samples worked in the preliminary study reported in Chapter 3. It is observed 
that this wood suffers few bums and a low degree of charring during laser cutting. The 
bums and charring are found to be loosely attached to the cut surface and only consist of 
a fine layer of carbon dust that can be removed easily. The produced cuts are acceptably 
good, both in surface finish and overall shape. 
Furthermore, from other experiments reported in Chapter 4, it was observed that 
increasing the WMC would decrease the kerfwidth. As explained by Kollman F.F.P and 
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Cote Jr. W.A., [1968], the rate of burning for any material depends on the characteristics 
of the material itself. Material density has an important influence on a material's burning 
characteristics. When the density is larger, the rate of burning is slower and vice versa. 
Density is defined as mass per unit volume. Since the density is influenced to a large 
extent by the moisture content, therefore the higher moisture content means more water is 
contained in the wood; this will cause a slower burning effect i.e. a smaller amount of 
burning. On the other hand, lower MC means that less water is contained in the wood and 
this will cause a larger burning effect. In addition, in wood with higher MC, a large 
quantity of the energy supplied by the laser beam is consumed to absorb and vaporize 
water molecules in the wood. The remaining small quantity of energy is then used to cut 
the wood vessels. This characteristic is best seen when the samples are put under the 
microscope (SEM). In contrast, for a wood with low moisture content, only a little energy 
is needed to absorb and vaporize water molecules. The rest of the energy is consumed to 
cut the vessels of the wood. Hence, the kerfwidth obtained from cutting wood with a low 
moisture content is larger, compared to the wood with a higher moisture content. 
7.2.2 Processing Parameters 
The processing parameters studied in detail were speed and laser power. The trends of the 
graphs when power increased are depicted in figure 7-I(a) and 7-I(b). Increasing the 
laser power will result in a bigger kerf and higher material removal rate (MRR). 
Increasing the cutting speed will result a smaller kerf width, as depicted by Graph 3-29, 
and lower MRR as shown in Graph 3-30. In Chapter 3, this trend is proved to be 
consistent for every type of wood used. 
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Figure 7-1 The trend when increasing laser power 
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7.2.3 Machine Parameters 
A comparison between compressed air and nitrogen as the assist gases is shown in Graph 
3-29 in Chapter 3: KerfWidth versus Laser Power for Kembang Semangkok. For the sake of 
clarity this is separated into two graphs; Figure 7-2(a) and 7-2(b). 
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7.2.4 Kerf Width (comparison between using compressed air and nitrogen as the 
assist gas). 
Kerf Width vs. Laser Power for certain Cutting Speed with Compressed Air as 
the Assist Gas 
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Figure 7-2(a): Kerf Width versus Laser Power- Kembang Semangkok (using 
compressed air). 
Looking at figures 7-2(a) and 7-2(b) it is significant that using nitrogen as the assist gas 
gives a smaller kerf width. The same trend occurs for all three types of materials. 
Generally, it is found that the kerf width obtained when cutting with compressed air is 
larger than that when cutting with nitrogen as the assist gas. This is a result of nitrogen 
offering a cooler and more inert environment throughout the cutting operation, thus 
producing an acceptably narrow cut kerf. Referring to one of the results obtained using 
Kembang Semangkok; Graphs 7-1 (b) and (c) show that when cutting with compressed 
air as the assist gas, the widest kerf obtained is 0.735mm at the cutting speed 0.2m1min 
and input power of 500 watts; while the narrowest is 0.485mm at the cutting speed of 
0.8m1min for a laser power of 100 watts. Comparatively, when cutting with nitrogen, the 
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widest kerf obtained, reading 0.685mm, is found to be at the cutting speed of 0.2m1min 
and laser power of 400 watts. This is 0.05mm less than that when cutting with 
compressed air. The narrowest kerfis 0.320mm obtained at the cutting speed ofO.8m/min 
with input power of 100 watts. 
This again, is a result of using nitrogen to offer a cooler and inert environment throughout 
the cutting operation, thus producing acceptably narrower cut kerf. This phenomenon has 
been proved from Fig. 5-10(a) and Fig. 5-10(c) in Chapter 5. 
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Figure 7-2(b): Kerf Width versus Laser Power- Kembang Semangkok (using 
nitrogen) 
7.2.5 Material Removal Rate, MRR (comparison between using compressed air 
and nitrogen as the assist gas). 
Taking an example of the MRR results for Kembang Semangkok (Scaphium spp.) as in 
Figure 7-3, since the trend seems similar for all types of wood. As a function of material 
thickness, cutting speed and kerf width, it was found that the material removal rate 
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(MRR) for cutting with compressed air as the assist gas is relatively higher than that 
when cutting with nitrogen. The maximum and minimum MRR for cutting with 
compressed air are 6.48m3/min and J.13m3/min, respectively. As for nitrogen-assisted 
cutting, the maximum MRR is 6.36m3/min while the minimum is 1.26m3/min. 
A higher material removal rate means a faster processing time, but does not always mean 
that the process is fully efficient and versatile. To be efficient, it has to consider all 
cutting characteristics based on which priority is vital to the final product and which is 
not. This consideration has to be made depending on the actual function of the final 
product. 
Material Removal Rate, MRR vs. Laser Power for certain Cutting Speed 
with Compressed Air or Nitrogen as the Assist Gas 
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Figure 7-3: Material Removal Rate, MRR versus Laser Power- Kembang 
Semangkok (Scaphium spp.) 
7.3 SEM Image of Laser Cut Face 
In Chapter 5, the characteristics of the laser cut face have been scrutinized down to the 
cell level by studying their SEM images. The actual condition of the wood fibre has been 
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identified clearly from the images, for instance the differing effects of using compressed 
air and nitrogen as the assist gas. For example, Meranti cutting using Nitrogen exhibits 
the best results among the three assist gases used. The c1eanest and smoothest cutting 
result can be seen from Fig. 5-10(c)-Nitrogen followed by Fig. 5-10(b)- C02 and Fig. 5-
IO(a)-compressed air. Unfortunately these images did not reflect the true degree of char 
layered on the surfaces. The images captured with such a high magnification do not give 
us the true intensity of char. For this important objective, this study has succeeded in 
introducing a methodology to quantify the degree of char for laser cut faces as discussed 
in Chapter 6. 
7.4 Quantifying the Degree of Char 
In chapter 6 a new method of quantifying the laser cut face has been studied. For wood 
material, the degree of char can be scientifically evaluated. The image processing method 
may be used for other materials by identifying their unique results such as heat affected 
zones and dross formation. This methodology can be used to study in detail how different 
cutting variables will affect the wood cut quality. The general relationship is also in 
agreement with the work done by other researchers (P.A.A.Khan, M.Cherif et al. 1992, 
Di Pietro, P .. and Yao, Y. L, 1994, Bamekov et al. 1986). This includes the relationship 
between laser power, cutting speed, material thickness, assist gas and material properties. 
Starting from this initial idea, hopefully more advanced image-processing techniques for 
laser cut faces can be developed in the future. 
7.5 Conclusions 
The issues of CO, laser interaction with wood have been studied thoroughly. The 
background of the problem statement and the importance of this research have been 
discussed. The development towards the novelty of this research has been stated. 
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The advantages of using laser to cut wood, which highlighted in the literature survey has 
been justified. The work done by other researchers in this particular area has been 
described. 
The relationship between wood material properties, processing parameters and machine 
parameters has been presented discretely. The suitability of different properties of wood 
to laser cut has been presented. 
The behaviors of wood to the machine and processing parameters have been analysed. 
The result of different wood moisture content to the width of cutting kerfhas been 
presented and highlighted as a novel finding of this study. 
These characteristics has been studied and discussed deeply by looking at the SEM 
images. The effect of different assistance gases used and the cutting orientation has been 
disclosed by the SEM images. 
A new methodology to quantify the degree of char by analysing the mean and standard 
deviation of laser cut wood images has been proposed. 
7.6 Further Work 
An intelligent laser machine should be the ultimate objective of research in this area. The 
'smart machine' will have the capacity to monitor in real time the quality of the cut 
material according to the wishes of the designer. The findings from this research and 
preliminary studies of the behaviour of wood interacting with a CO2 laser could be used 
by a machine designer to develop a feedback controlled laser machine. Using such a 
feedback control system, the processing parameters such as speed and SOD can be 
controlled precisely. 
The effect of wood moisture content on CO2 laser cutting would be worthy of further 
investigation. Wood properties like density and other mechanical properties such as shear 
strength and compression strength might be studied in the future. These characteristics 
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are very important in making a decision in order to get the required cutting results. A 
comprehensive mathematical model may be developed for any types of wood material. 
Various samples of wood material from different geographical sources may be used in 
future in order to develop a comprehensive theoretical framework and guidelines. 
An advanced image processing technique may be developed based on the initial idea 
presented in this research. This may require the analysis of online or live image data to 
develop a compensation technique that could be used to control the machine and 
processing parameters. 
The use of 'smart materials' or wood-based composite materials may expand the need for 
further research. In the future, rapid development in this area may be closely linked to 
progress in laser cutting technology. 
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APPENDIX A 
A1.0 The specification of Zech laser cutting machine 
Table AI-! Laser cutting work station (ZLlOIO) 
X-axis 1000 mm 
Y-axis 1000 mm 
Z-axis 100 mm 
Maximum rapid power 10,000 mm/min 
Maximum cutting speed 7,500 mm/min 
Precision of position ±0.10mm 
Precision of outline ±O.lOmm 
Weight of machine 550 kg 
Height of working table 840mm 
Maximum weight of workpiece 120 kg 
Appendix 
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Table Al·2 Laser Beam Generation System (ZLXS) 
Model ZLX5 
Rated output power [W] cw range 500 
max. 
Wavelength nm 10600 
Beam diameter (lIel )[mrad] 14 
Beam divergence [mrad] 2 
Mode structure TEMol 
Operation Continuous wave (cw) 
Pulse mode 10 Hz • 2500 Hz 
Minimum pulse duration [ms] 100 
Beam pointing stability [mrad] 0.2 
Gas mixture CO' • N' • He 6·20·74 
Gas mixture consumption 50 1Ih 
Electrical power 400V 50 Hz 16A 
Water cooling 16·18°C, 12liters/min 
Cooling power required [kW] 5 
Weight [Kg] 630 
Dimension [mm] 2380x750x1100 
Class of Laser Class 4 laser product 
Other specs: Automatic start·up, Continuous power variation Output power control, gas, 
water, temperature, interlock alarms Microprocessor controlling I LCD display· extern 
PC controlled (Windows) 
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A2.0 Lens specification 
Beam 
\ ~aser h ~"'-----'~ Mirror 
Cutting 
gas 
Material thickness 
Figure A2-! Lens specification 
The lens is Zinc Selenide (ZnSe), thickness 6 mm. 
Distance between lens to nozzle tip = 130 mm (fixed). 
Length of Focus = 5" (127 mm). 
• 
Appendix 
Nozzle 130 mm 
Motion 
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A3.0 Results of experiments for Chapter 3 
A3.1 Tables for Meranti (Shorea spp.) 
Table A3.1.1 Sideline Lengtb and Percent of Overcut- Meranti (Shorea spp.) 
Assist Gas: Compressed Air 
Meranti (Shorea spp.) . .. . 
Thickness: lOmm Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: l.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Sideline Lengtb (mm) Actual % Power Speed Mean Value of Length Overcut (watt) (mlmin) 1 2 3 Length (mm) (mm) 
0.2 29.40 - - 29.40 -2.0 
0.5 - 29.70 
-
29.70 -1.0 
100 30.0 
0.8 
- - -
No cut No cut 
1.2 
- - -
No cut No cut 
0.2 29.34 29.31 29.31 29.32 -2.26667 
0.5 29.48 
- -
29.48 cl.73333 
200 30.0 
0.8 
- -
-
No cut No cut 
1.2 
- - -
No cut No cut 
0.2 29.31 29.32 29.29 29.31 -2.3 
300 0.5 29.41 29.59 29.53 29.51 30.0 -1.63333 0.8 29.46 29.29 29.33 29.36 -2.13333 
1.2 
- - -
No cut No cut 
0.2 29.26 29.24 29.27 29.26 -2.46667 
400 
0.5 29.32 29.43 29.37 29.37 -2.1 
0.8 29.44 29.33 29.45 29.41 
30.0 
-1.96667 
1.2 
- - -
No cut No cut 
0.2 29.24 29.23 29.22 29.23 -2.56667 
0.5 29.44 29.31 29.29 29.35 -2.16667 
500 29.43 30.0 0.8 29.51 29.35 29.44 -1.9 
1.2 29.57 29.55 29.57 29.56 -1.46667 
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Table A3.1.2 Sideline Length and Percent of Overcut- Meranti (Shorea spp.) 
Assist Gas: Nitrogen 
. Meranti (Shorea spp.) 
Thickness: IOmm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Sideline Length (nun) Actual % Power Speed Mean Value of Leugth Overcut (watt) (rnImin) 1 2 3 Length (mm) (mm) 
0.2 29.36 - - 29.36 -2.13333 
0.5 
- - -
No cut No cut 
100 30.0 
0.8 
- - -
No cut No cut 
1.2 
- -
-
No cut No cut 
0.2 29.27 - 29.31 29.29 -2.36667 
0.5 29.56 29.50 
-
29.53 -1.56667 
200 30.0 0.8 
- - -
No cut No cut 
1.2 
- - -
No cut No cut 
0.2 29.38 29.35 29.32 29.35 -2.16667 
300 0.5 29.45 - 29.48 29.47 30.0 -1.76667 0.8 29.64 - 29.59 29.62 -1.26667 
1.2 
- - -
Nocu! No cut 
0.2 29.23 29.26 29.29 29.26 -2.46667 
0.5 29.36 - 29.37 29.37 -2.1 
400 30.0 
0.8 29.35 - 29.42 29.39 -2.03333 
1.2 
- - -
No cut No cut 
0.2 29.21 29.18 29.27 29.22 -2.6 
0.5 29.26 - 29.30 29.28 -2.4 
500 29.22 29.37 29.30 30.0 0.8 - -2.33333 
1.2 29.36 - - 29.36 -2.13333 
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Table A3.1.3 Circular Diameter and Percent of Overcut- Meranti (Shorea spp.) 
Assist Gas: Compressed Air 
Meranti (Shorea spp.) 
Thickness: IOmm Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas I: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm 
- Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Circular Diameter (mm) Actual % Power Speed Mean Value of Diameter Overcut (watt) (m1min) I 2 3 Diameter (mm) (mm) 
0.2 15.54 - - 15.54 3.6 
0.5 
-
15.56 - 15.56 3.733333 
100 15.0 
No cut 0.8 - - - No cut 
1.2 . . 
- No cut No cut 
0.2 15.76 15.79 15.78 15.78 5.2 
0.5 15.61 - . 15.61 4.066667 200 15.0 
0.8 - - - No cut No cut 
1.2 
-
. 
- No cut No cut 
0.2 16.00 15.89 15.93 15.94 6.266667 
300 0.5 15.72 15.51 15.65 15.63 15.0 4.2 0.8 15.62 15.68 15.61 15.61 4.066667 
1.2 . - - No cut No cut 
0.2 15.91 15.95 15.95 15.94 6.266667 
0.5 15.76 15.67 15.72 15.72 4.8 400 
15.85 15.76 
15.0 
5.2 0.8 15.74 15.78 
1.2 
- - -
No cut No cut 
0.2 16.02 15.94 15.97 15.98 6.533333 
0.5 15.79 15.68 15.75 15.74 4.933333 
500 15.69 15.71 15.79 15.73 15.0 4.866667 0.8 
1.2 15.68 15.72 15.59 15.66 4.4 
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Table A3.1.4 Circular Diameter and Percent of Overcut· Meranti (Shorea spp.) 
Assist Gas: Nitrogen 
Meranti (Shorea spp.) 
Thickness: IOmm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure· Gas 1: 1.5 bar 
Nozzle Stand·off Distance: 1.5mm • Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Circular Diameter (mm) Actual % Power Speed Mean Value of Diameter Overcut (watt) (m1min) 1 2 3 Diameter (mm) (mm) 
0.2 15.81 - - 15.81 5.4 
0.5 - - - No cut No cut 100 15.0 
0.8 - - - No cut No cut 
1.2 - - . No cut No cut 
0.2 15.96 - 15.84 15.90 6 
0.5 15.63 
· -
15.63 4.2 
200 15.0 
0.8 - · - No cut No cut 
1.2 - - - No cut No cut 
0.2 15.85 15.88 15.79 15.84 5.6 
300 0.5 15.69 · 15.59 15.64 15.0 4.266667 0.8 15.41 - 15.62 15.52 3.466667 
1.2 - - - No cut No cut 
0.2 15.90 15.83 15.82 15.85 5.666667 
0.5 15.77 - 15.63 15.70 4.666667 400 15.0 
0.8 15.39 - 15.54 15.47 3.133333 
1.2 - - - No cut No cut 
0.2 15.96 15.89 15.92 15.92 6.133333 
0.5 16.10 - 15.75 15.93 6.2 500 15.0 
0.8 15.72 - 15.60 15.66 4.4 
1.2 15.51 - - 15.51 3.4 
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Table A3.1.S Kerf Width - Meranti (Shorea spp.) Assist Gas: Compressed Air 
Meranti (Shorea spp.) 
Thickness: IOmm Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: l.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting 
Measured Sideline Outer Dimension Length 
Kerf Lenl!th (mm) (mm) 
Power Speed Width 
(watt) (m/min) 1 2 3 1 2 3 (mm) 
0.2 29.40 - - 30.54 - - 0.570 
0.5 
-
29.70 
-
- 30.40 - 0.350 100 
0.8 
- - -
- - - No cut 
1.2 
- - - -
- -
No cut 
0.2 29.34 29.31 29.31 30.64 30.66 30.62 0.660 
0.5 29.48 
-
-
30.46 - - 0.490 
200 
0.8 
- - -
- - - No cut 
1.2 . 
- - -
- - -
No cut 
0.2 29.31 29.32 29.29 30.74 30.72 30.77 0.720 
300 0.5 29.41 29.59 29.53 30.65 30.70 30.64 0.575 0.8 29.46 29.29 29.33 30.53 30.76 30.70 0.650 
1.2 . 
- -
- - -
No cut 
0.2 29.26 29.24 29.27 30.75 30.83 30.81 0.770 
0.5 29.32 29.43 29.37 30.70 30.72 30.68 0.650 
400 
0.8 29.44 29.33 29.45 30.63 30.71 30.69 0.635 
1.2 
- - - - -
- No cut 
0.2 29.24 29.23 29.22 30.70 30.82 30.80 0.770 
500 
0.5 29.44 29.31 29.29 30.68 30.76 30.70 0.685 
0.8 29.51 29.35 29.44 30.69 30.63 30.68 0.615 
1.2 29.57 29.55 29.57 30.75 30.75 30.76 0.590 
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Table A3.1.6 Kerf Width - Meranti (Shorea spp.) Assist Gas: Nitrogen 
Meranti (Shorea spp.) 
Thickness: IOmm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: l.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting 
Measured Sideline Outer Dimension Length 
Kerf Length (mm) , (mm) 
Power Speed Width 
(watt) (m1min) 1 2 3 1 2 3 (mm) 
0.2 29.36 - - 30.47 - - 0.555 
0.5 
- -
- - - -
No cut 
100 
0.8 
- -
- - - -
No cut 
1.2 
-
- -
- - - No cut 
0.2 29.27 
-
29.31 30.53 - 30.62 0.645 
0.5 29.56 29.50 
-
30.53 30.47 - 0.485 200 
0.8 
-
-
-
- - -
No cut 
1.2 
- - -
- - -
No cut 
0.2 29.38 29.35 29.32 30.72 30.81 30.67 0.690 
300 0.5 29.45 - 29.48 30.54 - 30.49 0.525 0.8 29.64 - 29.59 30.43 - 30.34 0.385 
1.2 
- -
- - - -
No cut 
0.2 29.23 29.26 29.29 30.70 30.94 30.86 0.785 
0.5 29.36 - 29.37 30.72 - 30.66 0.665 400 
0.8 29.35 - 29.42 30.45 - 30.51 0.550 
1.2 
- - - -
- -
No cut 
0.2 29.21 29.18 29.27 30.91 30.92 30.95 0.855 
0.5 ,29.26 - 29.30 30.67 - 30.72 0.710 
500 29.22 29.37 30.45 30.46 0.8 - - 0.580 
1.2 29.36 - - 30.21 - - 0.425 
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Table A3.t.7 Material Removal Rate, MRR - Meranti (Shorea spp.) 
Assist Gas: Compressed Air 
Meranti (Shorea spp.) 
Nozzle Diameter: 3.Omm Assist Gas: Compressed Air (Gas 2) 
Nozzle Stand-off Distance: l.5mm Assist Gas Pressure - Gas I: 1.5 bar 
Corner Power: 70% - Gas 2: 3.0 bar 
Delay Time: 3 seconds 
Laser Material Cutting Speed KerfWidth Material Removal Power Thickness (m/min) (xlO·3m) Rate,MRR (watt) (xlO·3m) (m3/min) 
0.2 0.570 1.140 
100 
0.5 0.350 1.750 
10 
0.8 No cut No cut 
1.2 No cut No cut 
0.2 0.660 1.320 
0.5 0.490 2.450 
200 10 
0.8 No cut No cut 
1.2 No cut No cut 
0.2 0.720 1.440 
300 10 0.5 0.575 2.625 0.8 0.650 5.200 
1.2 No cut No cut 
0.2 0.770 1.540 
0.5 0.650 3.325 
400 10 
0.8 . 0.635 5.080 
1.2 No cut No cut 
0.2 0.770 1.540 
0.5 0.685 3.425 
500 10 
0.8 0.615 4.920 
1.2 0.590 6.720 
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Table A3.1.S Material Removal Rate, MRR • Meranti (Shorea spp.) 
Assist Gas: Nitrogen 
Merantl (Shorea spp.) .. 
Nozzle Diameter: 3.0mm Assist Gas: Nitrogen (Gas 2) 
Nozzle Stand-off Distance: 1.5mm Assist Gas Pressure - Gas I: 1.5 bar 
Corner Power: 70% 
- Gas 2: 3.0 bar 
Delay Time: 3 seconds 
Laser Material Cutting Speed KerfWidth Material Removal Power Thickness (mlmin) (xlO"'m) Rate,MRR (watt) (xlO·'m) (m'/min) 
0.2 0.555 1.110 
lOO 10 0.5 No cut No cut 
0.8 No cut No cut 
1.2 No cut No cut 
0.2 0.645 1.290 
200 10 
0.5 0.485 2.425 
0.8 No cut No cut 
1.2 No cut No cut 
0.2 0.690 1.380 
300 10 0.5 0.525 2.625 0.8 0.385 3.080 
1.2 No cut No cut 
0.2 0.785 1.570 
0.5 0.665 3.325 400 10 
0.8 0.550 4.400 
1.2 No cut No cut 
0.2 0.855 1.710 
0.5 0.710 3.550 500 10 
0.8 4.640 0.580 
1.2 0.425 5.100 
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A3.2 Tables for Nyatoh (Palaquium spp.) 
Table A3.2.1 Sideline Length and Percent of Overcut- Nyatoh (Palaquium spp.) 
Assist Gas: Compressed Air 
Nyatoh (Palaquium spp.) 
Thickness: IOmm Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas I: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Sideline Length (mm) Actual % Power Speed Mean Value of Length Overeut (watt) (m1min) I 2 3 Length (mm) (mm) 
0.2 29.23 29.36 29.30 29.30 -2.33333 
0.5 - 29.32 29.25 29.29 -2.36667 
100 30.0 
0.8 - - - No cut No cut 
1.2 - - - No cut No cut 
0.2 29.42 29.39 29.41 29.41 -1.96667 
0.5 29.36 29.55 29.42 29.44 -1.86667 
200 , 30.0 0.8 29.56 - 29.56 -1.46667 
1.2 . 
- - - No cut No cut 
0.2 29.35 29.34 29.33 29.34 -2.2 
300 0.5 29.55 29.48 29.59 29.54 30.0 -1.53333 0.8 29.46 29.45 29.41 29.44 -1.86667 
1.2 29.77 29.49 29.70 29.65 -1.16667 
0.2 29.26 29.27 29.41 29.31 -2.3 
0.5 29.39 29.36 29.27 29.34 -2.2 
400 30.0 
0.8 29.40 29.42 29.35 29.39 -2.03333 
1.2 29.70 29.48 29.59 29.59 -1.36667 
0.2 29.01 29.51 29.19 29.14 -2.86667 
0.5 29.22 29.24 29.38 29.28 -2.4 
500 
29.32 29.36 
30.0 
-2.16667 0.8 29.43 29.37 
1.2 29.62 29.40 29.39 29.47 -1.76667 
246 
Appendix 
Table A3.2.2: Sideline Length and Percent of Overcut- Nyatoh (Palaquium spp.) 
Assist Gas: Nitrogen 
Nyatoh (Pidaquium spp.) 
Thickness: IOmm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Sideline Length (mm) Actual % Power Speed Mean Value of Length Overeut (watt) (mlmin) 1 2 3 Length (mm) (mm) 
0.2 29.34 29.11 29.28 29.24 -2.53333 
0.5 29.57 29.47 - 29.52 -1.6 
100 30.0 
0.8 - - - No cut No cut 
1.2 - - - No cut No cut 
0.2 29.30 29.26 29.29 29.35 -2.16667 
0.5 29.35 29.50 - 29.43 -1.9 
200 30.0 0.8 29.28 29.73 - 29.51 -1.63333 
1.2 . - - - No cut No cut 
0.2 29.27 29.33 29.28 29.29 -2.36667 
300 0.5 29.28 29.41 29.36 29.35 30.0 -2.13333 0.8 29.30 29.47 29.52 29.52 -1.9 
1.2 29.66 
- -
29.66 -1.13333 
0.2 29.25 29.25 29.25 29.25 -2.5 
0.5 29.21 29.25 29.37 29.28 -2.1 
400 30.0 
0.8 29.25 29.52 29.54 29.44 -1.86667 
1.2 29.42 29.62 - 29.52 -1.6 
0.2 29.19 29.26 29.16 29.20 -2.5 
0.5 29.19 29.30 29.35 29.28 -2.1 
500 
29.42 29.50 29.44 
30.0 
-1.86667 0.8 29.40 
1.2 29.54 29.53 29.57 29.55 -1.6 
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Table A3.2.3 Circular Diameter and Percent of Overcut- Nyatoh (Palaquium spp.) 
Assist Gas: Compressed Air 
Nyatoh (Palaquium spp.) 
Thickness: IOmm Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: l.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Circular Diameter (mm) Actual % Power Speed Mean Value of Diameter Overcut (watt) (m1miu) 1 2 3 Diameter (mm) (mm) 
0.2 15.68 15.65 15.54 15.62 4.133333 
0.5 15.58 15.13 - 15.36 2.4 100 15.0 
0.8 - - - No cut No cut 
1.2 - - - No cut No cut 
0.2 15.82 15.77 15.70 15.76 5.066667 
0.5 15.59 15.63 - 15.61 4.066667 200 15.0 
0.8 15.60 15.61 - 15.60 4 
1.2 - - - No cut No cut 
0.2 15.43 15.83 15.75 15.67 4.466667 
300 0.5 15.73 15.77 15.66 15.72 15.0 4.8 0.8 15.78 15.52 15.61 15.64 4.266667 
1.2 15.28 - - 15.28 1.866667 
0.2 15.94 15.87 15.64 15.82 5.466667 
0.5 15.86 15.67 15.74 15.76 5.066667 
400 15.0 
0.8 15.76 15.68 15.67 15.70 4.666667 
1.2 15.65 15.61 - 15.63 4.2 
0.2 15.89 15.86 15.83 15.86 5.733333 
0.5 15.74 15.76 15.93 15.81 5.4 
500 15.0 
0.8 15.67 15.69 16.09 15.82 5.466667 
1.2 15.60 15.69 16.00 15.76 5.066667 
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Table A3.2.4: Circular Diameter and Percent of Overcut- Nyatoh (Palaquium spp.) 
Assist Gas: Nitrogen 
. Nyatoh (Palaquium spp.) 
Thickness: IOmm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measnred Circular Diameter (mm) Actual % Power Speed Mean Value of Diameter Overcut (watt) (mlmin) 1 2 3 Diameter (mm) (mm) 
0.2 15.66 15.64 15.56 15.62 4.133333 
0.5 - 15.83 15.67 15.75 5 
100 
0.8 No cut 
15.0 
- - -
No cut 
1.2 - - - No cut No cut 
0.2 15.63 15.70 15.66 15.66 4.4 
0.5 15.78 15.29 15.44 15.50 3.333333 
200 15.0 
0.8 15.55 - - 15.55 3.666667 
1.2 - - - No cut Noeut 
0.2 15.70 15.67 15.77 15.71 4.733333 
300 0.5 15.69 15.75 15.69 15.71 15.0 4.733333 0.8 15.62 15.51 15.56 15.56 3.733333 
1.2 15.96 15.49 15.73 15.73 4.866667 
0.2 15.73 15.77 16.06 15.85 5.666667 
0.5 15.71 15.58 15.68 15.66 4.4 
400 
0.8 15.66 
15.0 
15.38 15.52 15.52 3.466667 
1.2 16.04 15.43 15.82 15.76 5.066667 
0.2 15.84 16.00 16.21 16.02 6.8 
0.5 16.01 15.79 15.86 15.86 5.733333 
500 
0.8 15.92 15.56 15.68 15.72 
15.0 
4.8 
1.2 15.78 15.37 15.54 15.56 3.733333 
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Table A3.2.5: Kerf Width -Nyatoh (Palaquium spp.) Assist Gas:Compressed Air 
Nyatoh (Palaquium spp.) 
Thickness: IOmm Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas I: 1.5 bar 
Nozzle Stand-off Distance: l.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting 
Measured Sideline Outer Dimension Length 
Kerf LenJ!th (mm) (mm) 
Power Speed Width 
(watt) (mlmin) I 2 3 I 2 3 (mm) 
0.2 29.23 29.36 29.30 30.47 30.38 3Q.42 0.565 
0.5 
-
29.32 29.25 
- 30.22 30.13 0.445 100 
0.8 
- - - - - -
No cut 
1.2 
- - - - - -
No cut 
0.2 29.42 29.39 29.41 30.70 30.66 30.70 0.640 
200 
0.5 29.36 29.55 29.42 30.54 30.66 30.67 0.590 
0.8 29.56 - - 30.30 - - 0.370 
1.2 - - - - - - No cut 
0.2 29.35 29.34 29.33 30.74 30.83 30.77 0.720 
300 0.5 29.55 29.48 29.59 30.72 30.72 30.73 0.590 0.8 29.46 29.45 29.41 30.69 30.77 30.60 0.625 
1.2 29.77 29.49 29.70 30.52 30.59 30.55 0.450 
0.2 29.26 29.27 29.41 30.84 30.76 30.76 0.735 
0.5 29.39 29.36 29.27 30.65 30.70 30.61 0.690 
400 
0.8 29.40 29.42 29.35 30.77 30.64 30.56 0.635 
1.2 29.70 29.48 29.59 30.71 30.72 30.54 0.535 
0.2 29.01 29.51 29.19 30.81 30.80 30.82 0.835 
0.5 29.22 29.24 29.38 30.48 30.53 30.71 0.645 
500 30.45 30.51 30.73 0.8 29.43 29.32 29.36 0.595 
1.2 29.62 29.40 29.39 30.41 30.56 30.68 0.540 
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Table A3.2.6: Kerf Width -Nyatoh (Palaquium spp.) Assist Gas: Nitrogen 
Nyatoh (Palaquium spp.) 
Thickness: IOmm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting 
Measured Sideline Outer Dimension Length 
Kerf Length (mm) (mm) 
Power Speed Width 
(watt) (mlmin) 1 2 3 1 2 3 (mm) 
0.2 29.34 29.11 29.28 30.45 30.39 30.66 0.630 
0.5 29.57 29.47 
-
30.46 30.28 - 0.425 
. 100 
0.8 
- - - - - -
No cut 
1.2 - - - - - - No cut 
0.2 29.30 29.26 29.29 30.67 30.69 30.67 0.665 
0.5 29.35 29.50 
-
30.53 30.44 - 0.530 
200 
0.8 29.73 30.61 30.43 0.510 29.28 
- -
1.2 - - - - - - No cut 
0.2 29.27 29.33 29.28 30.77 30.81 30.73 0.730 
300 0.5 29.28 29.41 29.36 30.59 30.60 30.57 0.620 0.8 29.30 29.47 29.52 30.34 30.57 30.65 0.545 
1.2 29.66 - - 30.22 - - 0.280 
0.2 29.25 29.25 29.25 30.71 30.68 30.75 0.730 
0.5 29.21 29.25 29.37 30.61 30.59 30.67 0.675 
400 
29.52 .0.59 30.73 0.565 0.8 29.25 29.54 30.38 
1.2 29.42 29.62 
-
30.55 30.49 - 0.500 
0.2 29.19 29.26 29.16 30.88 30.68 30.79 0.790 
0.5 29.19 29.30 29.35 30.66 30.59 30.70 0.685 
500 
29.42 30.68 30.73 30.79 0.645 0.8 29.40 29.50 
1.2 29.54 29.53 29.57 30.59 30.62 30.61 0.530 
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Table A3.2.7: Material Removal Rate, MRR - Nyatoh (Palaquium spp.) 
Assist Gas: Compressed Air 
Nyatoh (Palaquium spp.) 
Nozzle Diameter: 3.0mm Assist Gas: Compressed Air (Gas 2) 
Nozzle Stand·off Distance: 1.5mm Assist Gas Pressure - Gas 1: 1.5 bar 
Corner Power: 70% - Gas 2: 3.0 bar 
Delay Time: 3 seconds 
Laser Material Cutting Speed KerfWidth Material Removal Power Thickness Rate,MRR 
(watt) (xlW'm) (m1min) (xlO·'m) (m'/min) 
0.2 0.565 1.130 
0.5 0.445 2.225 
100 10 
0.8 No cut No cut 
1.2 No cut No cut 
0.2 0.640 1.280 
0.5 0.590 2.950 
200 10 
0.8 0.370 2.960 
1.2 No cut No cut 
0.2 0.720 1.440 
300 10 0.5 0.590 2.950 0.8 0.625 5.000 
1.2 0.450 5.400 
0.2 0.735 1.470 
0.5 0.690 3.450 
400 10 
0.8 5.080 0.635 
1.2 0.535 6.420 
0.2 0.835 1.670 
0.5 0.645 3.225 
500 10 
4.760 0.8 0.595 
1.2 0.540 6.480 
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Table A3.2.8: Material Removal Rate, MRR - Nyatoh (Palaquium spp.) 
Assist Gas: Nitrogen 
. Nyatoh (Palaquium spp.) 
Nozzle Diameter: 3.0mm Assist Gas: Nitrogen (Gas 2) 
Nozzle Stand-off Distance: l.5mm Assist Gas Pressure· Gas I: 1.5 bar 
Corner Power: 70% • Gas 2: 3.0 bar 
Delay Time: 3 seconds 
Laser Material Cutting Speed KerfWidth Material Removal Power Thickness Rate,MRR 
(watt) (xlO"m) (mlmin) (xlO"m) (m'/min) 
0.2 0.630 1.260 
0.5 0.425 2.125 lOO 10 
0.8 Noeu! Noeu! 
1.2 Noeu! Noeut 
0.2 0.665 1.330 
200 10 
0.5 0.530 2.650 
0.8 0.510 4.080 
1.2 Noeut Noeu! 
0.2 0.730 1.460 
300 10 0.5 0.620 3.100 0.8 0.545 4.360 
1.2 0.280 3.360 
0.2 0.730 1.460 
0.5 0.675 3.375 400 10 
0.8 0.565 4.520 
1.2 0.500 6.000 
0.2 0.790 1.580 
0.5 0.685 3.425 500 10 
0.8 5.160 0.645 
1.2 0.530 6.360 
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A3.3 Tables for Kembang Semangkok (Scaphium spp.) 
Table A3.3.1: Sideline Length and Percent of Overcut- Kembang Semangkok 
(Scaphium spp.) Assist Gas: Compressed Air 
Kembang Semangkok (Scaphium spp.) . 
Thickness: IOmm Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas I: 1.5 bar 
Nozzle Stand-off Distance: l.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Sideline Length (mm) Actual % Power Speed Mean Value of Length Overcut (watt) (m/min) 1 2 3 Length (mm) (mm) 
0.2 29.42 29.38 29.61 29.47 -1.76667 
0.5 29.65 29.53 29.56 29.58 -1.4 
100 30.0 
0.8 
-
29.53 29.75 29.64 -1.2 
1.2 
- - -
No cut No cut 
0.2 29.42 29.35 29.45 29.41 -1.96667 
0.5 29.48 29.43 29.40 29.44 -1.86667 
200 30.0 
0.8 29.80 29.60 29.65 29.68 -1.06667 
1.2 
- - -
No cut No cut 
0.2 29.39 29.19 29.27 29.28 -2.4 
300 0.5 29.38 29.27 29.33 29.33 30.0 -2.23333 0.8 29.58 29.50 29.29 29.46 -1.8 
1.2 29.61 29.53 29.40 29.51 -1.63333 
0.2 29.33 29.32 29.25 29.30 -2.33333 
0.5 29.40 29.38 29.30 29.36 -2.13333 
400 30.0 
0.8 29.50 29.44 29.37 29.44 -1.86667 
1.2 29.67 29.46 29.38 29.50 -1.66667 
0.2 29.95 29.37 29.35 29.22 -2.6 
0.5 29.20 29.45 29.34 29.33 -2.23333 
500 
0.8 29.32 29.47 29.49 29.43 
30.0 
-1.9 
1.2 29.45 29.50 29.39 29.44 -1.86667 
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Table A3.3.2: Sideline Length and Percent of Overcut- Kembang Semangkok 
(Scaphium spp.) Assist Gas: Nitrogen 
Kembang Semangkok (Scaphium spp.) 
Thickness: IOrnm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0rnm Assist Gas Pressure - Gas I: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Sideline Length (mm) Actual % Power Speed Mean Value of Length Overcut (watt) (m1rnin) I 2 3 Length (mm) (mm) 
0.2 29.51 29.60 29.54 29.55 ·1.5 
0.5 29.61 29.58 29.61 29.60 ·1.33333 
100 30.0 0.8 29.84 29.70 29.81 29.78 ·0.73333 
1.2 . . . No cut No cut 
0.2 29.40 29.41 29.38 29.40 ·2 
0.5 29.46 29.50 29.54 29.50 ·1.66667 
200 30.0 
0.8 29.63 29.52 29.76 29.64 .1.2 
1.2 . 29.79 29.61 29.70 ·1 
0.2 29.27 29.31 29.36 29.31 ·2.3 
300 0.5 29.24 29.28 29.37 29.30 30.0 ·2.33333 0.8 29.32 29.40 29.57 29.43 ·1.9 
1.2 29.47 29.69 29.56 29.57 ·1.43333 
0.2 29.25 29.40 29.29 29.31 ·2.3 
400 
0.5 29.21 29.27 29.30 29.26 ·2.46667 
0.8 29.43 29.28 29.56 29.42 
30.0 
·1.93333 
1.2 29.55 29.60 29.52 29.56 ·1.46667 
0.2 29.32 29.38 29.35 29.35 ·2.16667 
0.5 29.22 29.30 29.26 29.26 ·2.46667 
500 30.0 
0.8 29.39 29.26 29.49 29.38 ·2.06667 
1.2 29.57 29.63 29.49 29.56 ·1.46667 
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Table A3.3.3: Circular Diameter and Percent of Overcut- Kembang Semangkok 
(Scaphium spp.) Assist Gas: Compressed Air 
Kembang Semangkok (Scaphium spp.) 
Thickness: IOmm Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas I: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Circular Diameter (mm) Actual % Power Speed Mean Value of Diameter Overcut (watt) (mlmin) I 2 3 Diameter (mm) (mm) 
0.2 15.45 15.54 15.48 15.49 3.266667 
0.5 15.36 15.46 15.52 15.45 3 
100 
0.8 15.34 15.45 15.40 
15.0 
2.666667 
-
1.2 
- - -
No cut No cut 
0.2 15.29 15.51 15.64 15.48 3.2 
0.5 15.41 15.57 15.60 15.53 3.533333 
200 
0.8 15.33 15.35 
15.0 
15.30 15.42 2.333333 
1.2 - - - No cut No cut 
0.2 15.58 15.87 15.87 15.77 5.133333 
300 0.5 15.48 15.66 15.50 15.55 15.0 3.666667 0.8 16.01 15.53 15.50 15.68 4.533333 
1.2 15.50 15.46 15.53 15.50 3.333333 
0.2 15.84 15.56 15.81 15.74 4.933333 
0.5 15.61 15.64 15.77 15.67 4.466667 
400 
0.8 15.49 15.40 15.64 15.51 
15.0 
3.4 
1.2 15.46 15.32 15.29 15.36 2.4 
0.2 15.76 15.68 15.77 15.74 4.933333 
0.5 15.71 15.58 15.74 15.68 4.533333 
500 
0.8 15.42 15.46 15.50 15.46 
15.0 
3.066667 
1.2 15.60 15.46 15.47 15.51 3.4 
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Table A3.3.4: Circular Diameter aud Percent of Overcut- Kembang Semangkok 
(Scaphium spp.)Assist Gas: Nitrogen 
Kembang Semangkok (Scaphium spp.) 
Thickness: IOmm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Circular Diameter (mm) Actual % Power Speed Mean Value of Diameter Overcut (watt) (m1min) 1 2 3 Diameter (mm) (mm) 
0.2 15.54 15.48 15.44 15.49 3.266667 
0.5 15.34 15.38 15.32 15.35 2.333333 
lOO 
15.40 15.42 
15.0 
0.8 15.41 15.46 2.8 
1.2 
- - -
No cut No cut 
0.2 15.58 15.74 15.62 15.65 4.333333 
0.5 15.64 15.54 15.59 15.59 3.933333 
200 
0.8 15.36 15.45 15.59 15.47 
15.0 
3.133333 
1.2 - 15.29 15.32 15.31 2.066667 
0.2 15.90 15.93 15.89 15.91 6.066667 
300 0.5 15.71 15.68 15.43 15.61 15.0 4.066667 0.8 15.49 15.48 15.52 15.50 3.333333 
1.2 15.25 15.47 15.40 15.37 2.466667 
0.2 15.87 15.80 15.92 15.86 5.733333 
0.5 15.73 15.70 15.58 15.67 4.466667 
400 
0.8 15.50 15.62 15.61 15.58 
15.0 
3.866667 
1.2 15.41 15.53 15.51 15.48 3.2 
0.2 15.68 15.73 15.79 15.73 4.866667 
0.5 15.82 15.65 15.63 15.70 4.666667 
500 
0.8 15.67 15.71 15.65 15.68 
15.0 4.533333 
1.2 15.51 15.69 15.54 15.58 3.866667 
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Table A3.3.S: Kerf Width - Kembang Semangkok (Scaphium spp.) 
Assist Gas: Compressed Air 
Kembang Semangkok (Scaphium spp.) 
Thickness: IOmm Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cntting 
Measured Sideline Outer Dimension Length 
Kerf Length (mm) (mm) 
Power Speed Width 
(watt) (m/min) 1 2 3 1 2 3 (mm) 
0.2 29.42 29.38 29.61 30.61 30.63 30.58 0.570 
0.5 29.65 29.53 29.56 30.63 30.64 30.72 0.540 
100 
30.63 0.8 
-
29.53 29.75 - 30.58 0.485 
1.2 
- - - - - -
No cut 
0.2 29.42 29.35 29.45 30.61 30.58 30.60 0.595 
0.5 29.48 29.43 29.40 30.65 30.67 30.69 0.615 
200 
0.8 29.60 30.64 30.69 0.495 29.80 29.65 30.70 
1.2 
- - - - -
- No cut 
0.2 29.39 29.19 29.27 30.62 30.73 30.74 0.695 
300 0.5 29.38 29.27 29.33 30.62 30.75 30.73 0.675 0.8 29.58 29.50 29.29 30.64 30.76 30.74 0.630 
1.2 29.61 29.53 29.40 30.60 30.74 30.62 0.570 
0.2 29.33 29.32 29.25 30.70 30.62 30.73 0.690 
0.5 29.40 29.38 29.30 30.64 30.70 30.75 0.670 
400 
29.44 30.65 30.69 0.615 0.8 29.50 29.37 30.65 
1.2 29.67 29.46 29.38 30.68 30.64 30.67 0.580 
0.2 29.95 29.37 29.35 30.59 30.75 30.75 0.735 
0.5 29.20 29.45 29.34 30.52 30.67 30.78 0.680 
500 
0.8 29.47 30.50 30.65 30.67 0.590 29.32 29.49 
1.2 29.45 29.50 29.39 30.52 30.61 30.54 0.555 
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Table A3.3.6: Kerf Width - Kembang Semangkok (Scaphium spp.) 
Assist Gas: Nitrogen 
. Kembang Semangkok (Scaphium spp.) 
Thickness: IOmm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas I: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting 
Measured Sideline Outer Dimension Length 
Kerf Length (mm) (mm) 
Power Speed Width 
(watt) (mlmin) 1 2 3 I 2 3 (mm) 
0.2 29.51 29.60 29.54 30.64 30.57 30.63 0.535 
0.5 29.61 29.58 29.61 30.38 30.43 30.41 0.405 
100 
0.8 29.70 30.42 29.84 29.81 30.44 30.41 0.320 
1.2 - - - - - - No cut 
0.2 29.40 29.41 29.38 30.61 30.52 30.65 0.595 
0.5 29.46 29.50 29.54 30.53 30.44 30.50 0.495 
200 
0.8 29.63 29.52 29.76 30.56 30.63 30.50 0.465 
1.2 
-
29.79 29.61 - 30.37 30.46 0.360 
0.2 29.27 29.31 29.36 30.71 30.55 30.70 0.670 
300 0.5 29.24 29.28 29.37 30.67 30.55 30.71 0.675 0.8 29.32 29.40 29.57 30.40 30.55 30.66 0.555 
1.2 29.47 29.69 29.56 30.59 30.53 30.50 0.485 
0.2 29.25 29.40 29.29 30.86 30.49 30.69 0.685 
0.5 29.21 29.27 29.30 30.60 30.47 30.69 0.665 
400 
0.8 29.43 29.28 29.56 30.68 30.53 30.67 0.600 
1.2 29.55 29.60 29.52 30.68 30.56 30.57 0.525 
0.2 29.32 29.38 29.35 30.78 30.45 30.61 0.630 
0.5 29.22 29.30 29.26 30.55 30.53 30.61 0.650 
500 
0.8 29.26 30.57 30.54 30.62 0.600 29.39 29.49 
1.2 29.57 29.63 29.49 30.51 30.53 30.54 0.480 
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Table A3.3.7: Material Removal Rate, MRR· Kembang Semangkok (Scaphium spp.) 
Assist Gas: Compressed Air 
Kembang Semangkok (Scaphium spp.) 
Nozzle Diameter: 3.0mm Assist Gas: Compressed Air (Gas 2) 
Nozzle Stand-off Distance: 1.5mm Assist Gas Pressure - Gas I: 1.5 bar 
Corner Power: 70% - Gas 2: 3.0 bar 
Delay Time: 3 seconds 
Laser Material Cutting Speed KerfWidth Material Removal Power Thickness (m/min) (xlO·3m) Rate,MRR (watt) (xlO·3m) (m3/min) 
0.2 0.570 1.140 
0.5 0.540 2.700 
100 10 
0.8 0.485 3.880 
1.2 No cut No cut 
0.2 0.595 1.190 
0.5 0.615 3.075 
200 10 
0.8 0.495 3.960 
1.2 No cut No cut 
0.2 0.695 1.390 
300 10 0.5 0.675 3.375 0.8 0.630 5.040 
1.2 0.570 6.840 
0.2 0.690 1.380 
0.5 0.670 3.350 
400 10 
0.8 0.615 4.920 
1.2 0.580 6.960 
0.2 0.735 1.470 
0.5 0.680 3.400 
500 10 
0.8 0.590 4.720 
1.2 0.555 6.660 
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Table A3.3.8: Material Removal Rate, MRR • Kembang Semangkok (Scaphium spp.) 
Assist Gas: Nitrogen 
Kembang Semangkok (Scaphium spp.) 
Nozzle Diameter: 3.0mm Assist Gas: Nitrogen (Gas 2) 
Nozzle Stand-off Distance: l.5mm Assist Gas Pressure - Gas I: 1.5 bar 
Corner Power: 70% - Gas 2: 3.0 bar 
Delay Time: 3 seconds 
Laser Material Cutting Speed KerfWidth Material Removal Power Thickness Rate,MRR 
(watt) (xIO·3m) (m/min) (xIO·
3m) (m3/min) 
0.2 0.535 1.070 
0.5 0.405 2.025 
100 10 
0.320 2.560 0.8 
1.2 No cut No cut 
0.2 0.595 1.190 
0.5 0.495 2.475 
200 10 
0.8 0.465 3.720 
1.2 0.360 4.320 
0.2 0.670 1.340 
300 10 0.5 0.675 3.375 0.8 0.555 4.280 
1.2 0.485 5.820 
0.2 0.685 1.370 
0.5 0.665 3.325 
400 10 
0.8 0.600 4.800 
1.2 0.525 6.300 
0.2 0.630 1.260 
0.5 0.650 3.250 
500 10 
0.600 4.800 0.8 
1.2 0.480 5.760 
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A3.4 Tables for Plywood 
Table A3.4.1: Sideline Length and Percent of Overcut· Plywood 
Assist Gas: Compressed Air 
Plywood 
Thickness: 10mm Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure· Gas I: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cntting Measured Sideline Length (mm) Actnal % Power Speed Mean Value of Length Overcut (watt) (m1min) I 2 3 Length (mm) (mm) 
0.2 29.35 29.44 29.34 29.38 -2.06667 
0.5 29.10 29.56 29.49 29.38 -2.06667 
100 30.0 
0.8 - - - No cut No cut 
1.2 - - - No cut No cut 
0.2 29.27 29.31 29.29 29.29 -2.36667 
0.5 29.41 29.37 29.46 29.41 -1.96667 
200 30.0 
0.8 - - - No cut No cut 
1.2 - - - No cut No cut 
0.2 29.19 29.23 29.27 29.23 -2.56667 
300 0.5 - 29.24 29.43 29.34 30.0 -2.2 0.8 29.33 29.37 - 29.35 -2.16667 
1.2 - - - No cut No cut 
0.2 29.18 29.22 29.21 29.20 -2.66667 
0.5 29.26 29.21 29.29 29.25 -2.5 
400 30.0 
0.8 29.24 29.30 29.33 29.29 -2.36667 
1.2 - - - No cut No cut 
0.2 29.19 29.18 29.21 29.19 -2.63333 
0.5 29.21 29.27 29.20 29.23 -2.56667 
500 
29.11 29.28 
30.0 
0.8 29.31 29.23 -2.4 
1.2 - - - No cut No cut 
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Table A3.4.2: Sideline Length and Percent of Overcut- Plywood 
Assist Gas: Nitrogen 
Plywood . 
Thickness: IOmm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas I: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Comer Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Sideline Length (mm) Actual % Power Speed Mean Value of Length Overcut (watt) (m/min) 1 2 3 Leugth (mm) (mm) 
0.2 29.34 29.42 29.33 29.36 -2.13333 
0.5 
- - -
No cut No cut lOO 30.0 
0.8 - - - No cut No cut 
1.2 - - - No cut No cut 
0.2 28.99 29.28 29.29 29.19 -2.7 
0.5 29.34 29.41 - 29.38 -2.06667 
200 30.0 
0.8 
- - -
Noeut Noeut 
1.2 
- - -
Noeut No eut 
0.2 29.01 29.22 29.17 29.13 -2.9 
300 0.5 29.26 29.25 29.25 29.25 30.0 -2.5 0.8 29.43 29.38 29.39 29.40 -2 
1.2 - - - Noeut Noeut 
0.2 28.90 29.18 29.19 29.09 -3.03333 
400 
0.5 29.12 29.19 29.22 29.18 -2.73333 
30.0 
0.8 29.29 29.33 29.36 29.33 -2.23333 
1.2 - - - Noeut No cut 
0.2 28.80 29.16 29.13 29.03 -3.23333 
0.5 29.11 29.21 . 29.18 29.17 -2.76667 
500 30.0 
0.8 29.38 29.28 29.29 29.32 -2.26667 
1.2 
- - -
Noeut Noeut 
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Table A3.4.3 Circular Diameter and Percent of Overcut- Plywood 
Assist Gas: Compressed Air 
Plywood 
Thickness: 10mm Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Circular Diameter (mm) Actual % Power Speed Mean Value of Diameter Overcut (watt) (mlmin) 1 2 3 Diameter (mm) (mm) 
0.2 15.55 15.67 15.54 15.59 3.933333 
0.5 15.73 15.54 15.63 15.63 4.2 
100 
0.8 
15.0 
- - -
No cut No cut 
1.2 - - - No cut No cut 
0.2 15.87 15.71 15.60 15.73 4.866667 
0.5 15.77 15.61 15.68 15.69 4.6 
200 
0.8 
15.0 
- - -
No cut No cut 
1.2 
- - -
No cut No cut 
0.2 15.95 15.88 15.67 15.83 5.533333 
300 0.5 - 15.72 15.72 15.72 15.0 4.8 0.8 15.81 15.75 - 15.78 5.2 
1.2 - - - No cut No cut 
0.2 15.94 15.96 15.76 15.89 5.933333 
0.5 15.85 15.90 15.77 15.84 5.6 
400 15.0 
0.8 15.76 15.77 15.77 15.77 5.133333 
1.2 - - - No cut No cut 
0.2 15.98 15.91 15.83 15.91 6.066667 
0.5 15.87 15.83 15.80 15.8 5.333333 
500 
0.8 15.82 
15.0 
15.73 15.80 15.78 5.2 
1.2 
- - -
No cut No cut 
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Table A3.4.4: Circular Diameter and Percent of Overcut- Plywood 
Assist Gas: Nitrogen 
Plywood . 
Thickness: IOmm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: l.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting Measured Circular Diameter (mm) Actual % Power Speed Mean Value of Diameter Overcut (watt) (m1miu) 1 2 3 Diameter (mm) (mm) 
0.2 15.59 15.56 15.55 15.55 3.666667 
0.5 - - - No cut No cut lOO 15.0 
0.8 - - - No cut No cut 
1.2 
- - - No cut No cut 
0.2 15.66 15.76 15.69 15.70 4.666667 
0.5 15.28 15.52 - 15.40 2.666667 200 15.0 
0.8 
- - - No cut No cut 
1.2 - - - No cut No cut 
0.2 15.82 15.88 15.69 15.79 5.266667 
300 0.5 15.52 15.84 15.78 15.71 15.0 4.733333 0.8 15.52 15.36 15.66 15.51 3.4 
1.2 - - - No cut No cut 
0.2 15.80 15.86 15.76 15.81 5.4 
0.5 15.69 15.90 15.83 15.81 5.4 400 15.0 
0.8 15.27 15.23 15.68 15.39 2.6 
1.2 
- - - No cut No cut 
0.2 15.69 15.94 15.85 15.83 5.533333 
0.5 15.74 15.85 15.81 15.81 5.4 
500 15.0 
0.8 15.37 15.74 15.73 15.61 4.066667 
1.2 - - - No cut No cut 
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Table A3.4.5: Kerf Width - Plywood Assist Gas: Compressed Air 
Plywood 
Thickness: IOrnrn Assist Gas: Compressed Air (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas 1: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting 
Measured Sideline Outer Dimension Length 
Kerf Length (mm) (mm) 
Power Speed Width 
(watt) (m/min) 1 2 3 1 2 3 (mm) 
0.2 29.35 29.44 29.34 30.68 30.53 30.59 0.610 
100 
0.5 29.10 29.56 29.49 30.44 30.63 30.59 0.585 
0.8 - - - - - - No cut 
1.2 
- - - - - -
No cut 
0.2 29.27 29.31 29.29 30.65 30.71 30.61 0.685 
0.5 29.41 29.37 29.46 30.61 30.68 30.64 0.615 
200 
0.8 
- - - - - -
No cut 
1.2 
- - - - - -
No cut 
0.2 29.19 29.23 29.27 30.70 30.75 30.66 0.735 
300 0.5 - 29.24 29.43 - 30.73 30.68 0.685 0.8 29.33 29.37 
- 30.68 30.62 - 0.650 
1.2 - - - - - - No cut 
0.2 29.18 29.22 29.21 30.83 30.84 30.76 0.805 
400 
0.5 29.26 29.21 29.29 30.75 30.84 30.76 0.765 
0.8 29.24 29.30 29.33 30.72 30.84 30.84 0.755 
1.2 - - - - - - No cut 
0.2 29.19 29.18 29.21 30.72 30.88 30.75 0.795 
0.5 29.21 29.27 29.20 30.82 30.84 30.79 0.795 
500 30.81 30.86 30.82 0.8 29.31 29.11 29.28 0.800 
1.2 - - - - - - No cut 
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Table A3.4.6: Kerf Width - Plywood Assist Gas: Nitrogen 
Plywood 
Thickness: IOmm Assist Gas: Nitrogen (Gas 2) 
Nozzle Diameter: 3.0mm Assist Gas Pressure - Gas I: 1.5 bar 
Nozzle Stand-off Distance: 1.5mm - Gas 2: 3.0 bar 
Corner Power: 70% Delay Time: 3 seconds 
Laser Cutting 
Measured Sideline Onter Dimension Length 
Kerf Length (mm) (mm) 
Power Speed Width 
(watt) (m/min) 1 2 3 1 2 3 (mm) 
0.2 29.34 29.42 29.33 30.44 30.57 30.45 0.560 
0.5 - - - . - - No cut 100 
0.8 - - - . - - No cut 
1.2 - - - - - - No cut 
0.2 28.99 29.28 29.29 30.66 30.51 30.62 0.705 
0.5 29.34 29.41 - 30.60 30.33 - 0.545 200 
0.8 - - - - - - No cut 
1.2 - - - - - - No cut 
0.2 29.01 29.22 29.17 30.81 30.68 30.66 0.790 
300 0.5 29.26 29.25 29.25 30.74 30.65 30.76 0.730 0.8 29.43 29.38 29.39 30.70 30.62 30.65 0.630 
1.2 
-
. 
- - -
. No cut 
0.2 28.90 29.18 29.19 30.56 30.76 30.64 0.785 
0.5 29.12 29.19 29.22 30.67 30.55 30.71 0.735 
400 
0.8 29.29 29.33 29.36 30.53 30.63 30.67 0.640 
1.2 - - . - - - No cut 
0.2 28.80 29.16 29.13 30.82 30.57 30.70 0.835 
0.5 29.11 29.21 29.18 30.74 30.53 30.75 0.755 
500 30.73 30.42 30.71 0.8 29.38 29.28 29.29 0.650 
1.2 
- - -
- - - No cut 
. 
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Table A3.4.7: Material Removal Rate, MRR - Plywood 
Assist Gas: Compressed Air 
Plywood" . 
Nozzle Diameter: 3.0mm Assist Gas: Compressed Air (Gas 2) 
Nozzle Stand-off Distance: l.5mm Assist Gas Pressnre - Gas I: L5 bar 
Corner Power: 70% 
- Gas 2: 3"0 bar 
Delay Time: 3 seconds 
Laser Material Cutting Speed KerfWidth Material Removal Power Thickness (m1min) (xlO·3m) Rate,MRR (watt) (xlO·3m) (m3/min) 
0.2 0"610 L220 
0.5 0.585 2.925 
100 10 
0.8 Nocnt Nocnt 
L2 Nocnt Nocnt 
0.2 0.685 L370 
0.5 0.615 3.075 
200 10 
0.8 Nocnt Nocnt 
1.2 Nocnt Nocnt 
0.2 0.735 L470 
300 10 0.5 0.685 3.425 0.8 0.650 5.200 
L2 Nocnt Nocnt 
0.2 0.805 L610 
0.5 0.765 3.825 
400 10 
0.8 0.755 6.040 
1.2 Nocnt Nocnt 
0.2 0.795 L590 
0.5 0.795 3.975 
500 10 
0.8 0.800 6.400 
1.2 Nocnt Nocnt 
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Table A3.4.S Material Removal Rate, MRR - Plywood 
Assist Gas: Nitrogen 
Plywood 
Nozzle Diameter: 3.0mm Assist Gas: Nitrogen (Gas 2) 
Nozzle Stand-off Distance: l.5mm Assist Gas Pressure - Gas I: 1.5 bar 
Corner Power: 70% - Gas 2: 3.0 bar 
Delay Time: 3 seconds 
Laser Material Cutting Speed KerfWidth Material Removal Power Thickness (m1min) (xlO"m) Rate,MRR (watt) (xlO"m) (m'/min) 
0.2 0.560 1.120 
0.5 No cut No cut 
lOO 10 
0.8 No cut No cut 
1.2 • No cut No cut 
0.2 0.705 1.410 
0.5 0.545 2.725 
200 10 
0.8 No cut No cut 
1.2 No cut Nocu! 
0.2 0.790 1.580 
300 10 0.5 0.730 3.650 0.8 0.630 5.040 
1.2 No cut No cut 
0.2 0.785 1.570 
0.5 0.735 3.675 
400 10 
0.8 0.640 5.120 
1.2 No cut No cut 
0.2 0.835 1.670 
0.5 0.755 3.775 
500 10 
0.8 0.650 5.200 
1.2 No cut No cut 
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APPENDIXB 
Figure B-t The samples of different materials 
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Figure B·2 Rubberwood cut by C02 laser 
Figure B·3 The cutting profile of Rubberwood 
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Cropfunc.m 
function [cd,c,Y,I]=cropfunc(a) 
greyl=rgb2gray(a); 
cropimgl = imcrop(greyl,[600 700 700 ISO]); 
figure,imhist( cropimgl); 
[a,b ]=imhist( cropimg I); 
Mystd.m 
function [avr, st]=cropfunc(a) 
greyl=rgb2gray(a); 
1= imcrop(greyl,[600 700 700 ISO]); 
figure,imhist(I); 
avr = mean(I(:»; 
st = sqrt(sum«double(I(:»-avr).A2).I1ength(I(:»); 
Figure B-4 Functions to calculate Mean and SD in Matlab 
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T bl Bl a e M ean, St d dD . f an ar eVI3 IOn an dA f 11 verae:es 0 a samples 
Side=> SI S2 S3 S4 
Sample Std.Dev Std.Dev Std.Dev Std.Dev Mean Average SO 
Mean Mean Mean Mean Average 
No. (SO) (SO) (SO) (SO) 
A2 76.8 25.42 88.73 20.71 79.41 32.11 65.35 22.86 77.5725 25.275 
A3 76.7 27.71 72.98 21.44 85.98 38.94 78.79 24.68 78.6125 28.1925 
A4 81.53 24.81 83.96 22.95 78.77 33.38 65.46 20.97 77.43 25.5275 
A5 71.42 30.54 93.25 32.22 86.9 38.47 61.55 22.62 78.28 30.9625 
Average 76.6125 27.12 84.73 24.33 82.765 35.725 67.7875 22.7825 77.97375 27.48938 300W 
All 81.88 33.21 72.92 20.32 79.36 37.28 66.75 23.45 75.2275 28.565 
A12 79.91 31.46 68.12 24.11 78.19 . 31.75 67.94 23.84 73.54 27.79 
A13 79.15 26.92 77.17 17.08 82.46 25.36 64.88 22.8 75.915 23.04 
Average 80.3133333 30.53 72.7367 20.5033 80.0033 31.4633 66.5233 23.3633 74.89417 26.465 200W 
A6 84.04 37.67 83.56 28.51 86.97 35.48 68.43 25.17 80.75 31.7075 
A7 80.65 37.58 78.1 26.42 90.12 32 72.85 23.99 80.43 29.9975 
A8 95.54 37.52 79.53 33.92 89.74 36.94 67.33 24.24 83.035 33.155 
Average 86.7433333 37.59 80.3967 29.6167 88.9433 34.8067 69.5367 24.4667 81.405 31.62 l00W 
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Start C-Cut software 
1 
Select MODEL name 
-r 
Select ORDER name 
1 
Click on MODEL icon 
1 
Click on TRANSFER and 
proceed with DXF in icon 
1 
Select filename, e.g. filename.dxf, according to 
the filename of the 2D drawing in AutoCAD 
software 
1 
r Click on EXIT icon 
Figure B-8 Recalling the Design to C-Cut Software 
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Click on ORDER icon 
i 
Choose the number of parts 
that need to be produced 
i 
Click on the model that is to 
be produced 
i 
I Click on EXIT icon I 
i 
I Click on NEST icon I 
i 
Click on the design that will 
be produced 
i 
Drag the design onto the 
plate 
~ 
Double click the design on 
the plate to nest it there 
i I Click on EXIT icon I 
~. 
-
Click on RETURN ALL NEST 
to return all the design placed 
.. 
--------------~ Click on RETURN 
Figure 8-9 Nesting the Design on the Cutting Plate 
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Click on EXIT icon 
+ 
Click on CUT icon 
+ 
Select AUTO and click 
EXECUTE 
+ I Automatic generation of cutting path I 
+ 
NO ~I YES I 
+ 
Accept the cutting path? 
"I 
Click on MODIFY icon 
+ 
Select 
RESTARTING 
CUTTING 
+ 
Again, click on 
--
Click on the design to 
CUT and select generate the cutting path 
MANUAL manually 
Figure B·I0 Cutting Path Generation 
Click on 
E~lT A file for the generated 
Click on 
Click on cutting path has been created 
CREATE and will be retrieved during TAPE FILE the next cutting process 
Figure B·ll File Creation for the Generated Cutting Path 
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Double click CUT 1010 
icon 
Click on OK to open 
program window 
Click on Corn Open 
to open corn port 
Speed input . Strength of material 
(O.I-IOin/min .). ~ ~ / .. (O,80nlln) . 
Click on 
CONVERT 
. Laser power '--_-'-,.-~--...J Axis up (O-50mm) 
. (50-500watt) ~ 
Input the desired ~ 
.• Corner power. ~ /' parameters ::---.--____ --.-. ! ~ ~ X-new reference • (0-99%) . 
Time delay 
. (0-10 sec.) 
~ ~ poiJ;lt (0-980mrn) 
At e:\cut folder, select Nest. "" 
,....:"-------, 
Then, change the model.zee Y-new reference 
file to model.las file point (0-980mm) 
Click on 
CONVERT OK 
Click on 
CUT FILE 
Double click on 
the selected file 
The machine is ready to perform the 
cutting operation, according to the 
generated cutting path 
Figure B-12 Working with the Machine 
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